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Abstract 
 
The E. coli DnaA protein initiates chromosome replication and regulates gene 
transcription by binding to DnaA boxes, the double-strand nonamers with the 
consensus sequence TTA/TTNCACA. I intended to investigate the interactions 
between DnaA protein and DNA by Molecular biology and NMR methods. 
DnaA domain IV which contains the Helix-turn-Helix (HTH) motif is used as a 
functional model for studying DnaA box binding in vitro. I purified C-terminal 
domain IV (C98 aa 370-467) of different mutant DnaA proteins by GST method to 
investigate the binding sites and binding preference for oligonucleotides variants 
carrying DnaA boxes. The six mutations (R407K, H434R, H434K, P423S, P423I and 
P423R) I selected are located in evolutionarily conserved residues which interact 
directly with DNA. Gel shift DNA binding assays with DnaAc98 mutant proteins 
showed that H434R and H434K strongly decreased the binding affinity, while R407K 
did not affect affinity as much as I expected from the in vivo complementation assay, 
indicating that the inefficiency was due to protein instability. P423I was wt alike, 
P423S, and P423R generally kept high binding activity. The λ Red recombination 
method was used to introduce the P423I mutation into dnaA in the E.coli chromosome. 
The effect of P423I on in vivo binding to DnaA boxes was determined by measuring 
expression from two DnaA regulated promoters (pdnaA and pmioC) using single copy 
lacZ fusions, and by studying replication by Flow cytometry. P423I increased 
expression of the two promoters by 20% and showed moderate initiation asynchrony 
in Flow cytometry assay. The results suggested that P423I had an overall deficiency in 
box binding and initiation regulation which might due to its preference for weak 
boxes.  
I was going to use NMR method to investigate interactions and confirm changes of 
binding features between mutant DnaAc98 proteins and DNA which were observed in 
biological experiments. Because of various objective reasons, I only studied wild type 
DnaA domain IV without DnaA box in this report as the background for further 
researches. The 1D 1H NMR and 2D NOESY and TOCSY were performed on 
600MHz and 15N labeled sample for 2D 15N-HSQC and 3D 15N-HSQC 
NOESY/TOCSY experiments were measured on 800MHz. However, 1D 1H NMR 
and 2D TOCSY spectra indicated that some DNA impurities left in purified protein 
sample which might be because the DNA fragment was protected by DnaA binding at 
Dnase I digestion step during the purification. The results of 15N labeled sample were 
compared with previous published data and showed that some residues that had 
significant chemical shifts change in 15N-HSQC spectrum, which might be involved 
in the DNA binding.  
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Abbreviation 
 
IHF                                               Integration Host Factor 
Fis                                        Factor for Inversion Stimulation 
mioC                                       Modulation of Initiation at oriC
ONPG                                       Ortho-Nitrophenyl-Galactosid 
PAGE                                   Polyacrylamide Gel Electrophoresis 
HTH                                                  Helix-Turn-Helix 
NMR                                        Nuclear Magnetic Resonance 
TEMED                            N, N, N’, N’-Tetramethylethylenediamine 
NOESY                       Nuclear Overhauser Enhancement Spectroscopy 
TOCSY                                      Total Correlated Spectroscopy 
15N-HSQC                      15N-Heteronuclear Single Quantum Correlation 
NOE                                           Nuclear Overhauser Effect 
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Project purpose 
The goal of this combined project was to investigate the binding features between 
mutant DnaA proteins and DNA by both Molecular Biology and Chemistry NMR 
methods. The interaction sites would be revealed by mutagenesis study at molecular 
and genetic level and by NMR structure analysis at atomic resolution. 
Introduction  
Replication Initiation and DnaA boxes  
Precise initiation of DNA replication is vital for bacteria normal growth. During the 
entire cell cycle, the replication initiation must be exquisitely regulated to make sure it 
starts at proper time and only one round per cycle.5 
The processes of initiation and regulation require interaction between replication 
origin and initiation factors. In E. coli, the chromosomal region of 245bp, termed oriC, 
functions as the site of replication initiation and complex assembly.3 The DNA 
elements distributed within oriC are recognized by DnaA protein and other factors, 
which form the essential initiation structure and complex for replication. DnaA, a 
highly conserved AAA+ protein5, works as the central initiator of chromosome 
replication in E. coli and most other bacteria.6  
The E. coli DnaA protein specifically binds to the double-strand nonamers with the 
consensus sequence TTA/TTNCACA, termed DnaA R boxes. 9, 10 Three additional I- 
boxes for DnaA binding were detected by dimethylsulphate (DMS) footprinting in the 
presence of integration host factor (IHF).11, 12  The left end in oriC is a region 
containing three repeated 13-mer AT-rich motifs which are bound by DnaA protein to 
unwind DNA double-helix.14-16  
 
  
 
 
Figure 1: oriC components in E. coli.3 The small gray bars represent GATC sequences 
recognized by Dam methylase. Green arrowheads near the left border of oriC are 13-mer 
sequences. The orange boxes correspond to DnaA box recognized by DnaA protein. Smaller blue 
boxes represent I sites bound by DnaA-ATP. The IHF site is shown as a thin line; FIS site is near 
R2 box in purple color. The yellow bars represent two regions bound by SeqA protein. 
Even one-base difference of sequence compositions in the boxes can lead to changes 
of DnaA binding affinity. The binding sites were classified to three groups according 
to their binding activities: DnaA protein bind to R4 ≥ R1 >R2 with high or moderate 
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affinities; weak interactions were observed in R5 (M), I2, I3 >I1 >R3; and the very 
low affinities binding sites of single-stranded and double-stranded 13-mer AT-rich 
motifs.5 In addition, all the five R boxes were found to bind equally to both 
active-form (DnaA-ATP) and inactive-form( DnaA-ADP) of DnaA,17 while I2, I3 
boxes and 13-mer sites much prefer DnaA-ATP.15 
R1 tccttgTTATCCACAgggcag
R2 gaggggTTATACA
AA
CATCCA
CAactcaa
R4 acagagTTATCCACAgtagat
R3 cggtagTTATCCA gaacaa
R5(M) caccgaT CAgttaat
I2           CTGATCCCA
I3           TTGATCCAA
* *
 
Figure 2: Alignment of the DnaA boxes, R1, R2, R4, 
R3, R5 (M) and I2, I3 in E. coli oriC. The difference 
of base inside box is shown in red letter, the difference 
between R2 and other R boxes in position 5 is presented 
by blue star, purple star indicates the 7 position which is 
C in I boxes instead of A in R boxes. 
It was previously proposed that filling of low affinity DnaA binding sites triggered 
initiation of DNA replication with an evidence that the weakest R3 box is occupied by 
DnaA only at the moment of initiation in vivo.18 Interestingly, specific mutations in 
R5 (M), but not in R3, results in oriC inactivation. Mutations in R3 box behaved like 
wild-type, except those where R3 was replaced by the stronger R1 box.1 Binding to 
R3 or some weak boxes is possibly not essential for initiation, but play a regulatory 
role in fine-tuning. Mutations that permit I sites to bind DnaA-ADP and DnaA-ATP 
with equal affinity result in early initiations in the cell cycle and over-replication.11 
These results implied the initiation is DnaA-ATP dependent and in a stepwise fashion. 
The dynamic structure and process of replication initiation can be described in brief:  
The strong boxes (R1, R2 and R4) are occupied by DnaA protein during most of the 
cell cycle. And factor for inversion stimulation (Fis) binds properly in order to prevent 
initiation by inhibiting binding of integration host factor (IHF) and interactions of 
DnaA with weak boxes. Oligomerization of DnaA is reported to be necessary for 
initiation of DNA replication.19 It is proposed that the accumulated DnaA proteins on 
R2 box expel Fis from its primary position, which allows IHF to participate in 
initiation. IHF probably bend DNA to help DnaA-ATP oligomers that has been 
already filled strong boxes to touch the low affinity sites. The force generated from 
redistribution of DnaA-ATP drives the unwinding of double-strand DNA in AT-rich 
region, the latter is quickly covered by DnaA-ATP cluster to form stable “open 
complex”. Following, DnaA proteins load (DnaB helicase /DnaC)6 onto the unwound 
region, while DnaC soon is released when DnaB helicase locate to correct position 
associated with ATP hydrolysis. The DnaB travel along the single strand with the help 
of single-strand DNA binding (SSB) proteins, accompanied by newly entered DnaG 
primase which form primers on template DNA. DNA polymerase III is finally 
assembled to start DNA replication.  
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Figure 3: Replication initiation of E.coli.    FIS,     Pol III,   DnaA-ATP,     DnaA-ADP,                
IHF,       (DnaB/DnaC)6  pimase,   R box,   I box,       Unwound AT-region 
 
DnaA-related Initiation Regulation   
Ultimately, the principle of reported mechanisms against over-initiation is to reduce 
the interaction between DnaA-ATP and weak boxes as much as possible: The added 
DNA polymerase III beta-subunit sliding clamp with a co-factor Hda triggers the 
regulatory inactivation of DnaA (RIDA) process. RIDA induces intrinsic ATPase 
activity of DnaA to hydrolyze DnaA-ATP to DnaA-ADP22; SeqA recognizes 
hemimethylated GATC provided only in new oriC to form sequestration. It should be 
noticed GATC exist in R5 (M), I2, I3 but not typical R1, R2, R4 strong boxes, which 
seems coincident with the experimental result that SeqA block the DnaA binding at 
weak sites, but does not interfere with R1, R2 and R4; 21 Approximately 300 boxes 
scattered on the chromosome and much more after replication, titrate excess free 
DnaA protein which combined with SeqA-mediated shut off of new DnaA expression, 
restrict the DnaA-ATP bellow the reinitiation level. 23, 24 
 
DnaA work as a transcription factor 
DnaA take part in expression of several genes as a transcription factor in E.coli, 
besides the primary role in replication initiation. It can repress (dnaA, mioC), activate 
(nrd) or terminate transcription, depending on the location of bound DnaA boxes 
relative to promoter.6
Modulation of initiation at oriC (mioC) gene is adjacent to E.coli oriC with two DnaA 
box clusters in the promoter. The fluctuation of mioC transcripts during cell cycle is 
consistent with DnaA-mediated repression: accumulated DnaA negatively control 
mioC gene expression prior to initiation; After the initiation, mioC promoter is 
derepressed due to the low level of DnaA. Transcription of dnaA starts from two dnaA 
promoters (P1& P2) in the way of autoregulation. The mechanism could be explained 
by four neatly spaced DnaA boxes (2 ATP-boxes) within the sequence between P1 
and P2.  
The mechanism of transcription activation is uncertain. The speculation was, similar 
to some activator or enhancer, DnaA bound to the some sites made it possible to 
physically contact with RNA polymerase in space.  
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In both case of repression or activation, the DnaA boxes generally lie upstream of 
promoter and properly arranged; for terminating transcription, DnaA proteins 
occupied two closely spaced boxes downstream of the promoter would mediate loop 
formation to block RNA polymerase. 23, 33, 34, 35
Obviously, the two important functions of DnaA protein mainly depend on their 
boxes binding features. That’s why so many papers targeted on dealing with this 
complicated problem. One of the useful methods is to clarify it by DnaA or 
DnaA-DNA structure study. 
Description of DnaA protein functional domains  
DnaA protein becomes the star molecular in initiation thanks to the delicate structure 
designed by nature. dnaA genes sequenced from more than 120 bacterial species 
indicate DnaA protein has four domains.23, 28 
HU, DiaA binding 
ATP binding and hydrolysis 
 
Figure 4: Functional domains of DnaA in E. coli involved in protein interactions (DnaA 
oligomerization, DnaB loading, HU and DiaA binding), ATP binding and its hydrolysis, 
membrane binding, and DNA binding. 
The moderately conserved N-terminal of DnaA is responsible for protein-protein 
interactions, including DnaA oligomerization, DnaB loading, HU and DiaA binding. 
In E.coli, the short heptade repeats of hydrophobic amino acids in N-terminal peptide 
may mediate oligomerization which was observed necessary for suppressing over- 
initiation in a cold-sensitive strain; HU protein is a dimer of α2/β2/αβ subunits 
encoded by hupA and hupB genes. HU functions in initiation via reorganization 
between α subunit and DnaA N-teminal; Interaction interfaces with DnaB required 
amino acids 24-86 of DnaA and overlap self-interaction region of DnaA; DiaA acts as 
a positive regulator in the form of a homotetramer consisting of a symmetrical pair of 
homodimers. DiaA tetramers stimulate multiple DnaA-ATP molecules to efficiently 
assemble onto the oriC by binding to DnaA domain I-II.23, 25, 26, 27, 29, 30 
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The common feature of being rich in proline and alanine residues indicates most of 
the structure in domain II is random coil or β-turns. Domain II in E.coli was probably 
identified as flexible hinge part, however, it was proposed that position 135-148 (the 
border between domain II and III) was important for DnaB loading based on the 
results of surface plasmon resonance (SPR) and deletion assays. 23, 29  
Figure 5: The hypothetical 
core region of DnaA 
domain III from reference 
Domain III is highly conserved and usually shared the 
organization of an open twisted αβ-structure in the 
AAA+ family of ATPase, containing the Walker A 
(“P-loop type”) and B box motifs for ATP binding; 
Sensor I, Sensor II (Box VIII), and Box VII motifs for 
recognizing ATP or ADP binding form. Structure 
analysis of domain III+IV of Aquifex aeolicus DnaA 
compared to other AAA+ proteins suggested in bacteria: 
Domain III may functions in oligomerization at oriC; 
the conserved arginine in Box VII facilitate sensing the 
state of the bound ATP via interaction with the γ- 
phosphate of ATP, which is to coordinate the 
conformational change. Mutants R281A and R285A in 
Box VII were found to not alter the ATP binding or unwinding oriC, but failed in 
initiation. The small sub-domain spanning residue 372-381 is involved in regeneration 
of ATP-DnaA dependent on acidic phospholipids of the membrane. 3, 23, 29, 31, 32  
DnaA domain IV and DNA binding  
The C-terminal domain IV (aa 374V-467S) was first defined as the DNA binding 
domain of DnaA protein by Roth and Messer, using solid-phase DNA binding method. 
Domain IV is built up from six α-helixes separated by loops. Secondary structure 
analysis predicted the DNA binding motif: a helix-turn-helix (HTH) formed by two 
potential amphipathic-helixes (h4, h5), a basic loop (L2) and a third long helix (h3) in 
domain IV.4, 37 The basic loop seems to be exposed for stabilizing the negatively 
charged phosphate backbone of the target DNA; helix 3 is directly involved in base 
recognition. 
          
 
TV EYIDNIQKTVA
Figure 6: Secondary structure of DnaA domain IV. Residues in red letters are highly conserved, 
purple are well conserved and blue are conserved.       
So far, a lot of work was done to clarify the binding features between DnaA, 
especially the domain IV and DnaA Boxes: including the affinities and specific 
interaction sites of DnaA-DNA complex, the investigation of crucial residues in DnaA, 
the sequence characteristics or relative arrangements of DnaA boxes and so on by 
YKIKVADLLSKRRSRSVARPRQMAMALAKELTNHSLPEIGDAFGGRDHTTVLHACRKIEQLREESHDIKEDFSNLIRTLSS 
      h1         h2   Basic L2     h3          h4 -  T  -  h5                   h6 
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mutagenesis, gel shift, SPR, X-ray methods. Another NMR approach is also widely 
used for study of interactions between two molecules. Compare to X-ray, NMR has 
many advantages: It is applied to molecules that no single crystals are available; It can 
measure biological samples in solution similar to their physiological conditions; It can 
provide information of molecular dynamics in different states.  
When I searched references in pubmed using key words “NMR DnaA”, only a few 
papers were shown in list. Some of them are works on N-terminal DnaA, the most 
useful two are reference 4 and 51(in Japanese). In reference 4, analysis of 
approximately 2mM DnaA domain IV (Met+aa374-467) in 20mM potassium 
phosphate buffer (pH 6.0) containing 100mM KCl were performed at 30 ºC on 
600MHz machine. They had finished sequence assignment by a series of 3D 
experiments and submitted the chemical shifts of the 1HN, 13Cα, 13Cβ, 13C0, and 15N to 
BioMagResBank database. In addition, DnaA domain IV in complex with nonsense 
box 5’TGAACTATATCGG3’ or 13mer double strand R1 box 5’TGTTATCCACA- 
GG3’ were investigated by 15N-HSQC. The chemical shift perturbations occurred on 
Arg399, Ala404, Asp433, Thr435 and Thr436 for both boxes, while change of Leu422 
became prominent when R1 was added which implied the binding specificity and 
conformation importance of residues around this position. Ser421-Leu422-Pro423 are 
widely conserved but didn’t attract great attentions before.51 More details about 
specific interactions of DnaA domian IV with a 13mer derived DnaA box (R1) was 
revealed in their crystal complex by Fujikawa1et al. 37 (figure 7)  
 
5’ T1-G2-T3-T4-A5-T6-C7-C8-A9-C10-A11-G12-G13 3’;  
5’C13*-C12*-T11*-G10*-T9*-G8*-G7*-A6* -T5*-A4*-A3*-C2*-A1* 3’.  
              
Figure 7: A) The overall structure of DnaA domain IV-DNA complex. B) Schematic diagram 
summarizing the DNA contacts by DnaA domain IV from reference 37. Blue spheres are 
water molecules. Open circles represent phosphate groups. Red lines indicate Base-specific 
hydrogen bonds. Blue lines show the Van der Waals contacts. Black lines mean the hydrogen 
bonds and salt bridges with the backbone phosphate groups.  
 
Residues in the HTH motif recognize bases and backbone phosphates in the major 
groove. For example:   
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In the minor groove, Arg399 (in L2) is the most prominent residue. The T3:A3*, 
T4:A4* and A5:T5* base pairs are recognized by Arg399 only. Mutants in Arg399 
could not bind DNA. 37
His434 Nε2 atom     
His434 imidazole ring 
Pro423 Cγ and Cδ atoms  
Arg407 side chain 
H-bond  
Van der Waals 
Van der Waals 
G10*  O6 atom 
T11*  C5-methyl group 
T11*  C5-methyl group 
T6    backbone phosphate 
A10: T10* base pair in R3, C4:G4*and T7:A7* base pairs in R5 (M), these 
differences in box sequences affect the DnaA binding. Therefore, the interactions of 
residues (His434, Arg399) with their optimized bases (T4:A4*, C7:G7*, C10:G10*in 
R1) are important. Though C7:G7* base pair was not recognized by DnaA domain IV 
in the crystal structure, it has been found that there is a rank of C> A ≥ G >T for box 
binding in this position, which may explain why DnaA likes R1/R4 more than R2. 
The sequential DnaA binding events will induce DNA bending at the boxes for 
starting initiation. 29, 31, 36, 37, 38
Domain IV mutant peptides of 379I-467S, 374V-423P, 374V-444I, 404A-467S and 
423P-467S decreased or lost DNA binding activity. The result demonstrated integrity 
of domain IV is essentially required for specific binding DNA. But most important 
residues clustered around position 400-450. 36
 R407A 
R407C 
R407H 
H434A   
H434Y 
Fast binding 
No binding 
Unstable protein 
Fast, prefer R2 
Fast, prefer R2 
 
 
 
 
 
Even for the same amino acid, different substitutions may discriminate the binding 
properties. Residues from R432–V436 were essential for specific binding: Mutants in 
these amino acids reverse affinity preference between R1/R4 and R2 without affecting 
their non-specific binding activities. 39, 36 40, 29  
For good binding, the sequence of boxes is evaluated primarily; meanwhile the 
flanking sequences of boxes were taken into consideration.  Recent evidences 
showed DnaA proteins bind to DnaA boxes cooperatively: 1) Binding only was 
observed when both two weak boxes were present even they are 200bp apart. 2) 
Boxes are properly orientated and 2-3bp spaced in dnaA or mioC promoter, 
containing at least one strong box with more than two surrounding misfit boxes. 38 
More mutants of DnaA domain IV from complementation experiments 
New mutants were analyzed by colony complementation growth assay. Plasmids 
containing dnaA mutants under control of a lac promoter were transformed into the 
model Ts strain of dnaA204 and a dnaA-null strain. Rnase H is the product of rnhA 
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gene, which specifically degrades RNA in RNA/DNA hybrids. In dnaA-null stain, 
chromosomal rnhA was inactive for keeping strains survival. So colony growth of the 
dnaAnull strain was tested with arabinose to induce rnhA+ for eliminating DnaA 
independent replication. Some of the mutant proteins showed binding deficiency, but 
obviously could maintain the replication initiation. 55 
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Figure 8: complementation experiments for part of DnaA mutant proteins from reference 
55. 
Report Description  
There are still many questions about DnaA and DNA binding:  
Proline P423 is conserved and located in the recognition helix. Proline usually 
disrupts protein helix structure because it can’t form H-bond and has conformational 
rigidity due to its distinct cyclic side chain. However, proline is commonly found as 
the first residue of α helix or solvent-exposed in turns. Effect of P423 mutant in 
replication is little described in papers. All these reasons motivate the idea to study 
this site.  
The new mutants of important residues might impair or enhance the box binding 
affinity differently which was caused by interaction sites or structure change. And the 
mutants would possible inverse the preference between stronger and weaker boxes, 
which lead to disturbance of replication regulation. More than 300 boxes scatter in 
E.coli chromosome, most of their binding features and biological functions are not 
clear yet.  
Therefore, I selected mutants that could complemented dnaA (Ts) strains with 
different efficiencies to study, including mutants of the residue P423. Additionally, all 
the mutant sites were located in evolutionarily conserved residues which interact 
directly with DNA. The R407K is in helix 3; P423S, P423I, P423R in helix 4 and 
H434R and H434K in the loop 4 belonging to the HTH motif. 
Then I purified C-terminal domain IV (C98 aa 370-467) of the DnaA protein to study 
affinity preferences of box binding and interaction sites in vitro by gel shift assays, 
using different mutant DnaA proteins and oligonucleotides carrying DnaA box 
variants. Further, the P423I mutation was introduced into dnaA in the E.coli 
chromosome. The effect on binding to DnaA boxes was determined by measuring 
expression from two DnaA regulated promoters (pdnaA and pmioC) using single copy 
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lacZ fusions. The possible regulatory role of weak boxes and replication initiation in 
vivo were studied by Flow cytometry.  
In molecular biology experiments, I had found mutant proteins H434K, H434R and 
three P423 mutants showed strong or interesting change of DNA binding activity. 
Whether the box affinity changes resulted from the structure interference should be 
surveyed. I need NMR study to confirm my guess about the structure and binding 
sites of mutant proteins. Because of the limit time and various objective reasons, I 
only studied wild type DnaA domain IV in this report as background for further 
researches. Restudy wt domain IV was necessary because I kept extra residues from 
domain III and dissolved the sample in buffer with pH 7.4, which might cause 
structure or signals difference with others results. And the side chains and space 
information that important for binding analysis were not provided in reference 4. The 
1D 1H NMR and 2D NOESY and TOCSY were tested on 600MHz to figure best test 
conditions and correlation of coupling protons. 15N labeled sample for 2D 15N-HSQC 
and 3D 15N-HSQC NOESY/TOCSY experiments were measured on 800MHz in order 
to build up sequence connection and predict secondary structure. The results were 
compared with related work done by others. 
2D & 3D NMR Experiments41-46
Nuclear magnetic resonance (NMR) technique studies spin nuclei to give structure 
information of molecules. It is impossible to assign proteins and complicated 
biological macromolecules by 1D NMR data because thousands of protons crowd in a 
limit chemical shift region. Therefore, Multiple-dimensional NMR Methods emerged 
for improving resolution and inspecting nuclei correlation.  
The resonance measured by NMR, is displayed in the form of Magnetization M. M is 
the sum of all the individual nuclear magnetic vectors. The radio-frequency field BB1 
activates resonance and rotates M from z axis towards y axis. The duration τ90 for M 
reaching x-y plane is defined as 90º (π/2) pulse time. Scheme of 2D NMR is divided 
into four periods: preparation, evolution (t1), mixing (τm) and acquisition (t2). 
Different 2D experiments usually differ in evolution and mixing.  
 
Figure 9: scheme of pulse sequence of 2D NOESY (http://www.cis.rit.edu/class/schp740/) 
For example, the basic NOESY sequence consists of three 90º pulses (Figure 9). 
Transverse M1 (created in the first pulse) precesses to different positions at evolution 
times of t1 (t1=t1, t1+Δt, t1+2Δt, t1+3Δt…). After the second pulse, a series of M2 
(equals to M1 cosωt1) along -z axis indicates M2 are the function of variable t1 and are 
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labeled by the resonance frequency of the spin. M2 are allowed to relax or transferred 
to their coupling spins during the mixing. The third pulse produces the new transverse 
M3 that are derived from M2 and decay as a function of the time t2 during the 
immediately following acquisition. So each evolved M generated a distinct FID signal 
F (t1, t2) during acquisition t2 that analyze nucleus behave influenced by t1. Because 
nucleus precess at the same frequencies in t1 and t2 process, signal of an isolated 
nucleus only appeared on the diagonal where satisfies the relationship F1=F2, which 
similar to a reproduced 1D spectrum. Magnetization transfer among nuclei result in 
cross peaks (F1 ≠ F2) due to their different precess frequencies.  
 
To determine protein structure, 2D homonuclear experiments of TOCSY and NOESY 
as well as heteronuclear HSQC method are widely used. TOCSY is classical to 
confirm spin system patterns of amino acids by providing correlation of protons in a 
given residue spin system: Hα and Hβ, Hγ…side chain protons (figure 10B). NOESY 
experiment is designed based on the nuclear overhauser effect (NOE). This NOE 
phenomenon is that when two protons are less than 5 Å apart, signal strength of one 
nucleus will be increased by irradiating the other one sufficiently.  The NOE 
intensity is proportional to 1/r6 (r is the distance between protons). NOESY collect 
information from protons close to each other in space, such as those involved in 
special secondary structure or domain formation (figure 10C). Protein spectra contain 
many long range NOEs to help defining folding. Heteronuclear spectroscopy for 15N 
and 13C labeled proteins is developed to decrease peaks overlap. 15N-Heteronuclear 
Single Quantum Correlation (15N-HSQC) plots each signal of 15N in back bone or 
side chains with their directly attached protons (figure 10A).  
 
   
B C 
Figure 10: A) spectrum example of 15N-HSQC B) spectrum example of TOCSY C) spectrum 
example of NOESY. Dark blue cycles are NOEs between HN (i+1) and protons from residue (i) 
 
The ideas of 3D NMR fully utilize new features introduced by heteronuclei, because 
the possibility to have the absolutely identical 1H, 15N and 13C for residues is very 
little. Based on 2D NMR, the second evolution and mixing period are inserted before 
acquisition in experiment program. That the peaks spread in a 3D cube can be 
achieved by NOESY/TOCSY coupled with 15N-HSQC. Data acquisition follows the 
15N-HSQC step instead of the end of NOESY/TOCSY mixing time (figure 11B & 
11C). The 2D NOESY/TOCSY spectra plane of expected residue 15N is reproduced 
by cutting the cube horizontally along 15N dimension, which reduce the signal crowd 
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prominently (figure 11A).  
 
              
 
Figure 11: A) picture of NOESY/TOCSY-15N-HSQC spectrum cube (left). B & C) picture of 
magnetization transfer in TOCSY/ NOESY -15N-HSQC (middle and right) 
Assignment 
An assignment process which is important to study proteins in details includes: figure 
out spin systems of amino acids and trace residue sequence of protein.  
The spin system was identified by characteristic pattern of cross signals of certain 
amino acid in TOCSY. Such as interaction signals from the two Hα of Glycine and 
extra spin systems of aromatic residues around 7-8 ppm. A spin system is a group of 
nuclei that are connected through bonds, annotated by letters.(Figure 12) For example, 
in A3BB3MX (Valine) system, A and X represent protons of lowest and highest 
chemical shift respectively; Neighboring letters AB in alphabet indicate protons with 
similar chemical shifts and stronger couplings [(CH3)2-CHβ], distant letters A-M-X 
(CH3-CHβ-CHα) mean the larger chemical shifts difference among nuclei; the number 
3 symbols nuclei (in –CH3) with the same frequency and coupling.  
 
 
Figure 12: each square represent 2D spectrum for one or a group residues. The arrangement 
of filled cycles on the diagonal could be the guide for spin system identification in 3D TOCSY-15N 
HSQC.  
NOESY is important for sequence and structure search. Normally NOEs of HN (i+1) 
to HN (i-1), HN (i), Hα(i), Hβ(i) …would be observed (figure 14A) and these 
interresidual cross peaks could be identified by comparing with TOCSY. More 
interesting, secondary structure elements in protein have different NOE characteristics. 
The α-helix can be confirmed by short range NOEs of dNN and middle range NOEs of 
dαN (i, i+3), dNN(i, i+2)… (Figure13A, 14B) The regular β-sheet excludes most 
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interactions in the single extended peptide, but brings new interstrand NOEs from dαN 
(i, j), dNN(i, j) which are smaller than 5 Å.( Figure13B, 14C) 
3.6-4.63.6-4.63.1-5.12.5-4.4dαβ (i, i+3)
3.6-4.62.9-4.43.7-4.73.2-4.52.9-4.32.5-4.1dβN
4.33.84.14.2dNN (i, i+2)
2.42.6/2.44.24.32.62.8dNN
4.54.2dαN (i, i+4)
3.8-4.73.1-4.23.33.4dαN (i, i+3)
3.33.63.84.4dαN (i, i+2)
2.2/3.23.4/3.22.22.23.43.5dαN
turn IIturn Iβpβ310 helixα helixdistance(Å)
A     
4.0ÅdNN (i,j)
3.0ÅdαN (i,j)
4.8Ådαα (i, j)βp
3.3ÅdNN (i,j)
3.2ÅdαN (i,j)
2.3Ådαα (i, j)β
 B 
 
Figure13: A) Table of short Sequential and Medium-Range 1H-1H Distances in Polypeptide 
Secondary Structures. B) Interstrand 1H-1H Distances of β sheet. 
 
 
Figure 14: A) interactions of HN (i+1) to protons (i) B) short sequential and medium-range 
1H-1H distances in the helix and the helix. Broken arrow, dNN(i, i+1). Dotted arrows, dαN (i, i+3), 
dαN(i, i+4), dαβ (i, i+3)[ α helix] or dαN (i, i+2) [ 310 helix] C) Short sequential and long-range 
backbone 1H-1H distances in sheets. Wavy lines indicate interstrand hydrogen bonds. Thick 
vertical arrows indicate dαN. For antiparallel β, short interstrand distances are indicated by thick 
horizontal arrows dαα (i, j), thin solid arrows dNN(i, j), and broken arrows dαN (i, j). In parallel β, 
solid arrows indicate dαN (i, j) and broken arrows dNN(i, j). 
Here I summarized the assignment method I used which was based on HSQC, 
TOCSY and NOESY: 1. Figure out the chemical shifts of each cross peak in the 
HSQC spectrum (N and HN) 2. According to HN and N value, I tried to identified and 
assign spin system of a certain amino acid in HSQC-TOCSY (eg. Gly, Thr) 3. From 
the HSQC-NOESY, cross peaks that were not shown in TOCSY for this residue were 
likely sequential contacts HN (i-1)-HN (i)-HN (i+1) or other NOEs [eg. Hα(i)/ Hβ(i) -HN 
(i+1)] which depended on the structural conformation. 4. Then the HN of two 
neighboring residues could be identified. Next the possible N value and spin system 
would be assigned by comparing cross peaks between TOCSY and NOESY. The 
process of step 3 and 4 were repeated alternately to build up a peptide. 5. When the 
connectivity was broken, find a new start point. 
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Results and Discussion 
1. Construction of mutant DnaA c98 -GST fusion proteins 
In this part, amplified mutant dnaA fragments by PCR were inserted into the vector 
pGEX-2T between BamH I and EcoR I sites to get gst-dnaA fusion genes (figure 15). 
The products of the fusion genes could be purified by GST affinity column.  
Mutant dnaA
Thrombin site
GST
-Dna
Ac98
 
Figure15: Scheme of construction of mutant DnaA c98 -GST fusion proteins. The vector 
picture was form www.pasteur.ac.ir/.../GeneBank/Plasmid.htm
The designed primers (GST-C99, dnaA94-rw) and PCR conditions I used were 
reasonable: the seven PCR fragments of mutant domain IV of dnaA (dnaAc98) have 
the right size of about 450bp (figure16). The digested PCR products (not shown) were 
inserted into cut vector pGEX-2T38 at a molar ratio of two to one to form mutant 
gst-dnaAc98 fusion gene in ligation step.   
     
1   2   3   4   5   6    7   8   9
 
Host strain TC4797 had higher transformation efficiency than protein expression 
strain TC4702 (BL21). So the ligation products were first transformed into competent 
TC4797. Then several TC4797 colonies grown on ampicillin (100μg/ml) LB plate for 
each mutant were picked up as templates to confirm strains containing recombinant 
plasmids carried mutant gst-dnaAc98 by PCR and Sequencing.  
Figure16: PCR products of mutant dnaA: 1) negative 
control without template 2) Gene ruler 100bp marker 3 to 
9) R407K, H434R, H434K, P423S, P423I, P423R and 
(R399Q, L395P) as positive control respectively 
1   2  3  4   5   6  7   8   9  10  11 12 13 14 15 16 17 18
A       
1   2  3  4   5   6  7   8   9  10  11 12 13 14 15 16 17 18
B 
1  2  3   4   5   6  7   8   9  10  11 12 13 14 15 16 17 18
C      
1  2   3  4   5   6  7   8   9  10  11 12 13 14 15 16 17 18
D 
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Figure 17: positive colonies of dnaA were identified by PCR. A) 1 and 18: Gene ruler 100bp 
markers 2 to13: test for R407K 14: test for H434R 15: test for H434K 16: test for P423S 17: test 
for P423I B) 1 and 18: Gene ruler 100bp marker 2 to13: test for P423I 14 to16: test for P423R 17: 
negative C) 1 and 18: Gene ruler 100bp marker 2 to 9: test for R407K 10 to 17: test for H434R 
D) 1 and 18 Gene ruler 100bp marker 2 to 3: test for H434K 4 to 9: test for P423I 10 to 16: test 
for P423R 17: negative 
Sequencing PCR fragments were about 570bp, using primers of 5'GEX seq 5’GGG 
CTGGCAAGCCACGTTTGGTG3’ and 3'GEX seq 5’CCGGGAGCTGCATGTGTC 
AGAGG3’.(figure 17) R407K no.7 on gel A; H434R no.7 on gel C; H434K no.1 on 
gel D; P423S no.1 on gel A; P423I no. 1 on gel D; P423R no. 6 on gel D were run for 
sequencing reactions. Alignments of mutant sequences with wild type dnaA by 
Chromas Lite 2.01 and Winseq program in appendix indicated all the six gst-dnaAc98 
mutants had been obtained without unexpected mutations inside the inserted 
fragments (Appendix 3). After retransforming these plasmids into strain TC4907, 
over-producers of mutant DnaA domain IV proteins (DnaA c98–GST) were 
constructed successfully. 
2. Proteins Expression and Purification (unlabeled) 
To find the suitable conditions of protein expression, first exponential growing cells in 
LB medium were induced under conditions of different time and IPTG concentrations. 
Expression amounts of proteins in the soluble and insoluble form were tested on 
SDS-PAGE. When the conditions were determined, mutant proteins were purified by 
GST affinity column. 
Cell disruption    
Centrifugation then SDS-PAGE
100μM 500μM 300μM 200μM 
IPTG
2, 3, 4, 6h 4 h
A   
Thrombin
Other proteins
GST(red)-
DnaAc98(blue)
Sepharose 4B
B 
 
Figure 18: A) Expression conditions determination for unlabeled protein B) Principle of 
GST-DnaA protein purification. 
2.1 Optimization of expression conditions  
The SDS-PAGE gel showed the soluble form of DnaAc98–GST fusion protein nearly 
equaled to insoluble form. The samples for 6 hours had the most expression in both 
part. But from the picture, the reactions with 200μM, 300μM, 500μM IPTG for 4 
hours seemed sufficient protein yield and no evident difference. (Figure 19A)The 
conditions were decided to induce the cell culture with 300μM IPTG for 4 hours at 25 
ºC. 
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2.2 DnaAc98 wild type and mutant proteins purification 
Compared to SET part (collection of CE that had been passed column), the mutant 
GST fusion protein in CE (Crude Extraction of total proteins in cells) didn’t bind 
completely with the Sepharose beads may due to the inadequate incubation time 
(Figure 19B, yellow arrow). For R407K, an extra band (red arrow) appeared between 
the GST-DnaAc98 and GST peptide, which indicated a break occurred somewhere 
after Thrombin site. The R407K in vivo was not as stable as other mutant proteins. 
The stability was even worse in mutant (R399Q, L395P) so that no enough protein 
was obtained for next analysis (not shown). All the target proteins were not absolutely 
cleaved. The possible reason was Thrombin recognition site was partly blocked by the 
tight domain structure of DnaAc98. The wild type and six mutant proteins around 
11.2 kDa had purity more than 90 percent with a yield of 6mg per Liter LB culture. 
A B
GST-DnaAc98
GST
DnaAc98
1              5               10                15             1         5           10
 
Figure 19: A) Expression conditions test. soluble wt DnaAC98 1: control without IPTG 2& 3: 
sample with 500μM IPTG for 2 and 3 hours 4-7: samples for 4 hours with 500μM, 300μM, 
200μM, 100μM IPTG 8: sample with 500μM IPTG for 6 hours 9: Marker 10: Positive control 
DnaAC98–GST (up) & GST (down) insoluble wt DnaAC98 11: control without IPTG 12&13: 
samples with 500μM IPTG for 2 and 3 hours 14 to 17: samples for 4 hours with 500μM, 300μM, 
200μM, 100μM IPTG 18: sample with 500μM IPTG for 6 hours B) R407K 1: crude extraction 
(CE) of total proteins 2: collection of CE passed column (SET) 3: DnaAc98 cleaved by Thrombin 
4& 5: GSH elution H434R 6: crude extraction (CE) of total proteins 7: collection of CE passed 
column (SET) 8: DnaAc98 cleaved by Thrombin 9&10: GSH elution Marker  
3. Gel Shift Assay in vitro  
3.1 Preparation of protein solutions 
When the seven proteins were run without oligonucleotides on the PAGE gel and 
stained with DNA stain, serious smear phenomenon were found in H434R, H434K. 
Other protein samples gave a more clean background. The results of H434R and 
H434K incubated with Dnase I or RnaseA told that both of them had pollution of 
bound DNA fragments around 15-20bp. (not shown) Dialysis method were used to 
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remove DNA after Dnase I treatment, but lead to a big loss of protein. Relative 
concentrations of the seven proteins were measured by Bradford methods (figure 20). 
The standard curve was established by testing BSA for concentration calculation. In 
the table, Con.R = concentration of protein/ concentration of H434R (1.3μΜ)  
y = 0.0067x + 0.0722
R2 = 0.9891
0
0.2
0.4
0.6
0.8
1
0 50 100 150
BSA ug/ml
O
D
59
5
A          1.8 27.7 P423R
20.9 313.3 P423I
13.7 205.8 P423S
1.1 15.8 H434K
1.0 14.7 H434R
4.9 73.0 R407K
8.3 125.2 DnaAc98
con.Rμg/ml 
 B 
Figure 20: A) standard curve of protein concentration calculation. B) Table1 of Relative 
concentration of proteins measured by Bradford methods. 
3.2 Interactions of mutant proteins and boxes in vitro 
Oligonucleotides of different length bearing DnaA boxes or variants were used to 
evaluate their binding features, including the affinity preference, important interaction 
sites and influence of flanking sequence. First, samples of nonspecific oligonucleotide 
Nsi incubated with proteins were estimated as negative control (figure 21). The 
interaction investigations were classified into two groups: proteins and oligo- 
nucleotides with 1) base mutants within boxes 2) change of flanking sequence of 
DnaA box 
 
 
 
 
 
 
Figure 21: Oligonucleotide Nsi-GSA was used as negative control for mutant proteins. 
The result showed the controlled oligonucleotide Nsi could not bind to the proteins, 
which indicated the interactions between the DNA and proteins are specific. 
Use for gel shift experiments:  
 
0 = 0.025μΜ oligonucleotide 
1=0.33μΜ protein + 0.025μΜ oligonucleotide 
2=0.65μΜ protein + 0.025μΜ oligonucleotide     
3=1.30μΜ protein + 0.025μΜ oligonucleotide 
4=2.60μΜ protein + 0.025μΜ oligonucleotide 
Figure 22: interaction sites between  
The blue letters are changed bases          mutant proteins and DnaA box. 
1  2  3  4  5  6  7  8
5. 1.3μΜ H434R +0.025μΜ Nsi
6. 1.3μΜ P423S +0.025μΜ Nsi 
7. 1.3μΜ P423I +0.025μΜ Nsi 
8. 1.3μΜ P423R +0.025μΜ Nsi 
Nsi 5’CGGTGCTTCATGCaTGCCGTAAGA3’
1. 0.025μΜ Nsi      
2. 1.3μΜ wt +0.025μΜ Nsi 
3. 1.3μΜ R407K +0.025μΜ Nsi 
4. 1.3μΜ H434R +0.025μΜ Nsi 
T
T T T
T
T
TG A C
C
A
C
A
G G
A
C
C C
A A
A
G
G
G
R407
H434
H434 & P423
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His 434 can interact with the eighth base G and ninth base T which in the 
complementary strand of “TTATCCAC A”, Pro423 also has an effect on ninth base T 
and Arg407 stabilizes the backbone of fourth T in “TTATCCACA” 37 (figure 22) 
Group 1 
R4 box 5‘ACAGAGTTATCCACAGTAGAT 3’ 
R407K H434KH434R P423S wtP423RP423I
1    2    3 1    2    3 2   0 3 1    2    3 1   2   3 1   2   3 1    2    3
gel 1 
R4-a8 5'ACAGAGTTATCCAAAGTAGAT3’ 
R407K H434KH434R P423Swt P423RP423I
1     2    30 01    2    3 1     2    3 1     2    3 1     2     3 1     2    3 3     2    1   
gel 2 
R4-g9 5'ACAGAGTTATCCACGGTAGAT 
R407K H434KH434R P423Swt P423RP423I
1     2    30 01    2    3 1     2    3 1     2    3 1     2     3 1     2     3 1    2    3     
gel 3 
R4-I 5‘ACAGAGTTATCCCCAGTAGAT 3’ 
R407K H434KH434R P423Swt P423RP423I
1     2    3    0 03    2    1 3   2    13    2    1 3    2    1 3   2    1 3   2    1 3   2    1
wt
gel 4 
These were interaction study of mutant proteins with a series of boxes derived from 
R4. Mutant proteins bound the natural R4 box quite well, except H434R and H434K 
(gel 1). R4-a8 equals to the weak R3 box in oriC with R4 flanking sequences. The 
picture showed position 8 is very important for sufficient binding and only P423R 
gave an obvious band on the gel (gel 2). It was deduced that P423R could still interact 
with new T8* or change the box binding sites. Wt and P423S showed fast 
disassociation rate for DNA binding, there were not clear bands at the right positions. 
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That is, the unbound oligonucleitide was less, but it couldn’t form a kinetic stable 
complex with DnaA; The last base in DnaA box was reported to communicate with 
P423 by Van der Waals effect. For most proteins, affinity with R4-g9 box were similar 
to their normal R4 box binding activity, but not for wt and P423I. P423I might act 
stronger on base 9* (T> C) in box than P423 (gel 3); R4-I which focus on C7 was a 
mutant analog of I boxes. Though the wt sample lost most and P423I presented 
weaker binding function, R407K was not affected as much (gel 4).   
R2 box 5'GAGGGGTTATACACAACTCAA 3’ 
R407K H434KH434R P423Swt P423RP423I
0  01     2     3 1     2     3 1     2     3 1     2     3 1     2     3 1     2     3 1     2     3   
gel 5 
R2-R4-5 5'GAGGGGTTATCCACAACTCAA 3’ 
wt R407K H434KH434R P423S P423RP423I
0  01     2     3 1     2     3 1     2    3 2    3 1    2    3 1    2    3 1   2    3   
gel 6 
 
Consist with others research, the proteins moderately associated with R2 relative to 
R4. However, H434K kept the same low binding affinity as for the R4 box (gel 5). 
The sequence difference of DnaA box was A5 in R2 instead of C5 in R4. And 
DnaA-DNA crystal complex showed no evident residue contact with position 5 in box, 
but recently it was proposed C is better than A. R2-R4-5 was designed to test the 
controversial position 5. The high affinity of wt type with box was specifically 
recovered.  
Group 2
R4-2ad 5’ACAGGGTTATCCAAAGTAGAT 3’ 
R407K H434KH434R P423Swt P423RP423I
0  01   2    3 1   2    3 1    2    3 1  2   3 1   2   3 1   2    3 1    2   3    4
gel 7 
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R4-17h 5'ACAGAGTTATCCACAGT3’ 
R407K H434KH434R P423S P423RP423Iwt
0  01   2    3 1    2    3 2   1   3 1   2   3 1    2   3 1  2   3   41    2    3
gel 8 
datA 17h 5'ACAGAGTTATCCACAGC 
wt R407K H434KH434R P423S P423RP423I
0 01    2    3    1    2    3    1   2    3    1   2   3     1    2 3    1    2    3    1    2     3
gel 9 
datA 12T 5'ACAGAATTATCCACAGC3’ 
wt R407K H434KH434R P423S P423RP423I
0 01    2    3   1   2    3    1   2   3    1    2    3     1    2 3     1    2     3    1     2     3
gel 10 
R4 /datA 15h: 5' CAGAGTTATCCACAG 3’ 
wt R407K H434KH434R P423S P423RP423I
0 01     2      3     1    2    3    1    2   3    1    2    3     1    2    3     1    2     3    1     2    3
gel 11 
Some papers indicated that the flanking sequences of DnaA box also contribute to 
binding. Two oligonucleotide subsets of base mutation and different sizes of flanking 
sequence were used to examine the sequence composition next to box. Not much 
fluctuation were found in most experiments, while it should be noticed that for datA 
2T (5'ACAGAGTTATCCACAAC3'), the P423R binding value was apparently 
lower than others (not shown). Wt and R407K bound better to datA 15h (gel 11) but 
much worse to datA 15a (5'AGAGTTATCCACAGC3’, not shown), which was due 
to the difference of flanking sequences in these two boxes.  
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Table 1: evaluation of binding between proteins and boxes  
 
  wt R407K H434R H434K P423S P423I P423R
R 4          
5'ACAGAGTTATCCACAGTAGAT3' 
3 3 1 1 4 4 5 
R4-a8        
5'ACAGAGTTATCCAAAGTAGAT3' 
fast 1 NB NB fast fast 3 
R4-g9        
5'ACAGAGTTATCCACGGTAGAT3' 
fast 4 2 2 4 2 4 
R4-I        
5'ACAGAGTTATCCCCAGTAGAT3' 
1 3 1 1 4 3 4 
R 2          
5'GAGGGGTTATACACAACTCAA3' 
2 3 NB 1 4 3 4 
R2-R4-5     
5'GAGGGGTTATCCACAACTCAA3' 
5 3 NB 2 5 4 4 
R4-2ad       
5'ACAGGGTTATCCAAAGTAGAT3' 
3 3 1 4 4 3 5 
R4-17h       
5'ACAGAGTTATCCACAGT3' 
4 4 3 3 4 4 4 
datA17h      
5'ACAGAGTTATCCACAGC3' 
5 5 3 3 5 4 3 
datA12T      
5'ACAGAATTATCCACAGC3' 
3 3 2 2 4 4 3 
datA 2A      
5'ACAGAGTTATCCACATC3' 
3 4 3 3 4 4 4 
datA 2T      
5'ACAGAGTTATCCACAAC3' 
3 3 NB NB 3 3 1 
R4 /datA 15h   
5’CAGAGTTATCCACAG3' 
4 4 1 1 3 4 4 
datA 15a        
5' AGAGTTATCCACAGC3' 
1 2 2 2 4 3 4 
 
Note: The numbers 1 to 5 = weakest to strongest bindings; NB = no visible binding; fast = the 
bindings are highly dynamic, dissociation rate >> association rate  
 
In summary, Gel shift DNA binding assays showed that H434R and H434K strongly 
decreased the binding affinity, while R407K did not affect affinity as much as we 
expected from the in vivo complementation assay, indicating that the inefficiency in 
vivo was due to protein instability. P423S, P423I and P423R generally kept high 
binding activity but varied with respect to base changes within or outside the DnaA 
boxes. 
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4. Recombination in vivo 
In vitro assay, interactions of DnaA binding domain and oligonucleotide had been 
determined. It was reported that other domains of DnaA protein involved in DNA 
cooperation binding. I tried to introduce the mutations into chromosomal dnaA by λ 
Red method52 to study the influence of the intact DnaA protein in replication 
initiation.  
°CCan Grow at 42   
dnaA domain IV
N389
I389(w
(Ts204) P423
PCR  fragment of dnaA domain IV 
t)
P423I
I389 (wt)
P423I
°CGrow at 30 
 
Figure 23: mutation P423I was introduced into chromosomal dnaA. 
4.1 Amplification of mutant dnaA fragments   
1  2  3  4  5 6 Figure 24: DNA fragments for recombination. 
Marker 
1 to 6: concentrated PCR products of R407K, H434R, 
H434K, P423S, P423I, and P423R after EcoR V 
digestion.  
 
The PCR used primers BstE II (5’GCGCGACTTGCTGGCATTGC3’) and pBEX4 
(5’CGCCAGGCgAATTCTGTTTTATC3’). The fragments about 390bp were 
digested by EcoRV to yield fragment ends with sequences complementary to the 
chromosomal dnaA gene, which was necessary for recombination. The bigger 
fragment of 268bp contained the mutant sites (figure 24). The purpose of product 
concentration was to increase the recombination.   
4.2 Identification of colonies with mutant dnaA by Sau3A digestion 
Result 4.1The PCR products from  went into the dnaA Ts strain by elektroporation to 
replace the chromosomal dnaA gene, including the temperature sensitive site and 
mutant sites. The recombinant strains could be first selected by high temperature (42 
ºC) and the strains without insert DNA were used as controls. PCR were performed 
with primers of DnaA-BstE 5’CAATGCCAACTTTACCGGACG3’ and DnaA 4 BW 
5’CCACCTAACGGACCGCTCAC3’, using colonies to be tested as templates. The 
products were 420bp. The base A (N389) in the Ts strain caused one less Sau3A 
recognition site (GATC) compared to recombinant (also in wild type) dnaA (T in I389) 
18
Ts dnaA fragment digested by Sau3A: (bp) 
144    133    118    27    19 
Recombinant dnaA fragment digested by Sau3A:  
144    133    105    27    19    13 
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From the picture (figure 25A), the method to distinguish recombinant strains from 
original Ts strain was practical. And the possibility of A spontaneous back to T in 
recombinant strains after high temperature selection is low, which meant a quite clear 
background for recombination identification. The results suggested recombination 
occurred more than 80 percent (not shown). However, only one of the all nine 
recombinant samples was probably the expected P423I. This was because P423I 
introduced into chromosome lead to one more Sau3A site than wild type or other 
recombinant mutants (red star of figure 25B). Therefore, this method couldn’t 
guarantee that the positive ones were the mutations I wanted. So another method 
SSCP was applied. The most suitable size of DNA fragments for SSCP was about 
200bp, the fragments of 268bp digested by EcoR V were in reasonable test range. 
Mutant dnaA fragments from strains in 1.1 were used as positive controls, Ts and wild 
type dnaA were used as negative controls. The gel demonstrated the single strand (ss) 
mutant dnaA displayed electrophoretic bands with different mobility (figure 25C).  
1  2   3  4   5  6   7  8  9  10 11
1  2   3  4  5   6  7  8 1   2   3  4   5  6   7  8   9
A B C 
Figure 25: A) possibility of A back to T in Ts strain after selection at 42 ºC. 1: wild type dnaA 
as positive control 2: Ts dnaA as negative control 3-8: dnaA from clonies on control plate without 
DNA after incubation at 42 ºC. B) Confirmation of recombinant strain of P423I by Sau3A 
digestion. C) SSCP for searching recombinant mutant dnaA genes. 1: ss wild type dnaA 2: ss 
Ts dnaA 3: ss P423I (positive control) 4: ss candidate of recombinant P423I 5: ss R407K (positive 
control) 6-11: samples of R407K to be tested 
More than 50 colonies for each mutant dnaA were examined, but only one P423I was 
found and confirmed by sequencing. All these experiments illustrated the 
recombination happened at the position before mutation points under the unknown 
mechanism. May be the mutant dnaA were excluded from receptor gene due to their 
unfavorable influence in replication.  
5. Titration Assay  
The overall influence of chromosomal P423I binding to DnaA boxes was determined 
by measuring expression from two DnaA regulated promoters (pdnaA and pmioC) 
using single copy lacZ fusions, and by studying replication by Flow cytometry.  
 
 22
5.1 β-galactosidase activity assay with ONPG 
DnaA protein
DnaA boxes
Product of lacZ gene 
Substract
pdnaA
pmioC-lacZ fusion gene
pdnaA pdnaA-lacZ fusion gene
 
Figure 26: Schematic diagram of β-galactosidase activity assay. 
DnaA protein negatively regulated dnaA/mioC by binding to DnaA box cluster in the 
two promoters. If box binding of P423I proteins were impaired, efficient transcription 
inhibition would require extra mutant proteins. That is, the promoters were activated 
to supply more β-galactosidase, the products of fusion lacZ gene (figure 26). The 
repression activity of P423I will be reflected by OD420 value of β-galactosidase 
-ONPG reaction. The two promoters differed in box composition, P423I effect on 
different boxes could be evaluated at the same time. Strains carrying wt dnaA were 
used as controls. 
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1.16 ± 0.0215.14 ± 0.26Strain TC5329:dnaA(P423I) pmioC-lacZ
1.00 ± 0.0513.05 ± 0.60Strain TC4961:dnaA+ pmioC-lacZ
1.21 ± 0.055.09 ± 0.20Strain TC5328: dnaA(P423I) pdnaA-lacZ
1.00 ± 0.024.22 ± 0.08Strain TC4797:dnaA+ pdnaA-lacZ
Miller unit RMiller unit
 
Figure 27: A) β-Galactosidase Assay for P423I. Strain TC4797: dnaA+ pdnaA-lacZ; Strain 
TC5328: dnaA(P423I) pdnaA-lacZ; Strain TC4961: dnaA+ pmioC-lacZ; Strain TC5329: 
dnaA(P423I) pmioC-lacZ. B) Table of β-Galactosidase Assay for P423I 
The activity of pmioC was about three times more than pdnaA. However, the total 
derepressions of both promoters were about 20% upward (figure 27). The data 
revealed P423I had average mild binding deficiency among boxes. 
5.2 Replication Study by Flow Cytometry Assay 
DNA in cells could be stained by DNA fluorescence dye. Flow Cytometre measures 
DNA contents in cells by observing the intensity of fluorescence. Normally, the 
integral number of oriC in exponentially growing cells is 2n (2, 4, 8… n= cycles of 
replication). The population of cells with four oriC was dominant in the experiments; 
meanwhile the amount of cells with two and eight oriC varied in samples. LS value 
was proportional to cell size; oriCs/cell compared to domiant 4 and LS/oriC reflected 
replication frequency and speed; Asynchrony is produced when some oriCs initiate 
slower than others. 
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Figure 28: Flow Cytometry of P423I with pdnaA or pmioC. (Red) dnaA+ pdnaA-lacZ; (purple) 
dnaA(P423I) pdnaA-lacZ; (green) dnaA+ pmioC-lacZ; (blue) dnaA(P423I) pmioC-lacZ.  
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Table 2: Replication analysis by Flow Cytometry Assay  
26.2±4.2%0.18 ± 0.105.36± 0.271.02±0.06Strain TC5329:dnaA(P423I) pmioC-lacZ
8.8±1.7%0.18 ± 0.105.68± 0.381.05±0.05Strain TC4961:dnaA+ pmioC-lacZ
24.8±4.8%0.18 ± 0.155.51±0.22 1.03±0.03Strain TC5328: dnaA(P423I) pdnaA-lacZ
7.6±1.7%0.18 ± 0.155.36±0.441.00±0.08Strain TC4797:dnaA+ pdnaA-lacZ
Asychrony%LS/oriCoriC/cellLS ratioRFlow Cytometry assay 
 
Note: data from 2 independent experiments with two assays for each. LS ratio = LS of P423I / LS 
of control, oriC/ cell = total Mean FL of P423I / (Mean FL / 4), AS (asynchronous) % = Sum of 
events (oriC ≠2n) / total events, total events per sample were about 30,000 
Though little change was found for LS/origin or origins/cell, the cells showed 
moderate initiation asynchrony. The P423I and wt were quite alike in binding level 
showed by most result of in vitro assays, but P423I bound a little stronger to R4-g9, 
R4-I and R2. R4-I was used to compare I-box preference of proteins. Bindings of 
DnaA to I-boxes were strictly controlled in vivo to make sure precise initiation. The 
explanation of asynchrony could be discussed concerning the stronger binding to R4-I 
of P423I. 
6. Discussion 
E.coli DnaA protein carries out biological functions by specific binding to DnaA 
boxes. According to their DnaA protein affinity, the boxes in oriC were graduated to 
stronger (R4, R1>R2) and weaker [R3, R5 (M), I1-I3] boxes. It was reported several 
weak boxes bound the active form of DnaA (DnaA-ATP) just at the initiation moment. 
Data proposed that the correct replication and timely imitation required subtle 
regulation of DnaA binding to weak boxes. Further more, DnaA was suggested to 
adjust gene transcription by cooperative binding to boxes in promoters.  
In light of the interaction importance between DnaA and boxes, the binding features 
attracted great attentions including the essential residues identification, the order and 
affinity of boxes binding, sequence and structure characteristics of DNA bound to 
DnaA protein and so forth.  
I intended to investigate structure and function of DnaA protein. However, the intact 
DnaA proteins are likely to oligomerize in solution, which makes it difficult to 
research futher.53 Fortunately, domain IV of DnaA (aa374-467) can bind DNA 
independently, so it was used as functional model for box binding and structure study. 
It was suggested that the DnaA domain only slightly less than that of the full-length 
protein.4 It was reported that the 104bp PCR fragment from pFH2378 carrying R1 box 
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had similar wt DnaAc98 binding affinity to a 17mer doubled-stranded oligo- 
nucleotide (5’ACAGAGTTATCCACAGC3’).38 I tried to purify the 94aa of domain 
IV by classical GST tag. But the fusion protein had a bad GST column affinity and 
couldn’t be cleavaged by Thrombin at all (data not shown). I deduced that the tight 
domain structure of DnaA covered the Thrombin recognition site. Then I chose 
another plasmid pGEX- KT in which a glycine “kinker” (PGISGGGGG) was inserted 
before Thrombin site to improve column binding and cleavage.47 Nevertheless, it 
helped little (data not shown). Finally, I had to keep four residues from domain III 
added to the N terminal of domain IV (aa370-467). The four extra amino acids formed 
a flexible chain that partially swung domain IV away. The experiment result 
demonstrated the method worked much better but the target proteins were still 
incompletely cut. Another problem was that the solubility of DnaAc98 was less than 
4mg/ml (0.3mM). This property of DnaA became the barrier for NMR study, while 
Takayuki et al. had published their NMR work with 2mM DnaA domainIV (Met + aa 
374-467). It was proposed the short sequence around aa370 responsible for membrane 
binding may limit the solubility. The optimal buffer for DnaA was determined to be 
KCl (140mM)-PBS.48 When I used DNA-cellulose to remove trace amount of 
nontarget proteins in cleavage collection, the DnaA proteins were eluted at low-salt 
buffer. This may because DNA without box couldn’t interact with DnaA well.   
Interactions of mutant proteins with DnaA box variants were measured by gel shift in 
vitro. The six mutant sites of DnaA recognized bases in DnaA box directly. The 
published mutant R407A showed fast binding, while R407K didn’t change the 
binding activity as much as I expected. It showed the similar even a little stronger 
boxes binding than wt. The instability of R407K exhibited on SDS-PAGE indicated 
that R407K might have structural problems rather than defects in binding. Some 
exposed peptide bonds in R407K might liable to be attacked and broken, which was 
adverse to initiation. H434 is important for base specific binding, the mutants on this 
site (H434R and H434K) showed a great reduction in binding activities. Wt bind to 
R2 relative weaker than to R4, but H434R and H434K kept the similar low affinity for 
both R2 and R4. The H434 mutations didn’t show preference change between R4 and 
R2 as suggested in paper.29  
P423 is located in the first helix of HTH motif. Proline would constrain helix structure 
so that this residue intrigued my interest. P423 was replaced by three kinds of amino 
acids: the polar Serine, the hydrophobic Isoleucine and the positively charged 
Arginine. The three mutant proteins maintained high affinity even with a tendency of 
greater binding than wt (P423S, P423R > P423I ≥ wt), especially for mutant box 
R4-a8 (R3), R4-a9, R4-I and R2. The results might predict that mutant P423 bind 
stronger with weak boxes, which probably reinforce initiation. P423R bound to R4-a8 
much better than others, but worse to datA 2T. The explanation could be that P423R 
bind somewhere else in box and the positive charge stabilizes the phosphorate group 
in flanking sequences.  
I would like to know what could occur in replication caused by change of 
boxes-protein interactions. Initiation of replication needs the whole DnaA protein. 
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Thus, I planned to introduce mutations into chromosomal dnaA, using λ Red method. 
The recombination happened with a probability more than 80%, but outside the 
mutant sites. One reason might be that the mutant site is near the recombination site 
and the PCR fragment is not methylated, it is recognized by DNA repair mechanism   
as a mismatch base pair. Or some mechanisms were active to avoid the unfavorable 
exchange. P423I was more wt alike, so it could escape and be accepted. We are going 
to make a longer fragment containing the mutant site for reducing the repulsion.  
I did β-galactosidase assay to study transcription regulation and Flow Cytometry 
Assay to study P423I effect on replication in vivo. P423I presented moderate 
deficiency in binding and delayed the total replication. These results were a little 
different with most results from in vitro gel shift assay. In vitro experiment couldn’t 
absolutely repeat biological process in vivo, because domain III contributes to 
cooperative boxes binding. I deduced P423I impaired the total recognition between 
boxes and proteins. Or preference to weak boxes such as I box disturbed regulation of 
oriC or genes transcription related to replication. To figure out whether R3 box was 
involved in the initiation control system, chromosomal introduction of P423R was in 
preparation.  
The guess for interaction sites could be confirmed by NMR structure study. 
Unfortunately, because of the limit time and other objective reasons, I only handed in 
the work of wt type DnaAc98 without DnaA box binding to lay the foundation for 
further work.  
157. Determination of Expression Conditions for N labeled DnaAc98 
1  2  3   4  5  6   7   8  9 10 11 12 13 14 15 16 17 18 19
 
15N-DnaAFigure 29: optimization of expression conditions. Left: soluble form of C98 
15N-DnaAC98 1 & 2) sample with 500μM IPTG for 4 and 6 hours 3 to 6) sample for 8 hours with 
500μM, 300μM, 200μM, 100μM IPTG 7& 8) sample with 500μM IPTG for 10 and 12 hours 9) 
Marker 10) Positive control DnaAC98– GST (up) & GST (down) Right: insoluble form of 
15N-DnaAC98 11) control without IPTG 12 & 13) sample with 500μM IPTG for 4 and 6 hours 14 
to 17) sample for 8 hours with 500μM, 300μM, 200μM, 100μM IPTG 18 &19) sample with 
500μM IPTG for 10 and 12 hours. 
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15N-DnaAC98 expressed slower in mineral medium than in LB. Insoluble form 
DnaAC98-GST proteins were slightly more than those in supernatant. The most 
suitable conditions were of 300μM IPTG for 8-10 hours at 25 ºC. Before the freeze 
drying for concentration, I froze the protein cleavage solution in liquid nitrogen to 
keep the active structure of DnaAc98 as much as possible.  
8. NMR spectrum analysis 
8.1 Information from 1D and 2D NMR spectrum on 600MHz 
The chemical shifts of protons dispersed between 0 and 10 ppm indicated the protein 
sample had a certain extent of secondary structure in solution (spectrum 1 in 
Appendix 5). The distribution features predicted α-helix rather than β-sheet which had 
more extended conformation. I had changed pH and temperature for 1D NMR to 
maximize observable HN signals because the lower pH and temperature would reduce 
protons dissociation and exchange speed. The lower temperature 15ºC and pH 
enhances and sharpens the weak peaks span 8.5-10.0ppm in the recorded spectrum 
(not shown). Unluckily, the protein was irrecoverable precipitated quickly even if a 
little pH adjustment from 7.4 to 7.2. NMR experiments required protein with proper 
size at least 0.5mM on 600MHz. But as mentioned in molecular biology part, the 
DnaAc98 was difficult to reached concentration more than 0.3mM. I had to turn to the 
more sensitive 800MHz machine that equips with Cryoprobe.  
The 1D spectrum showed us some unexpected extreme narrow peaks, I suspected they 
were nucleic acids impurities. First, DnaA was DNA binding protein and oligo- 
nucletides were found in GST-column purified mutant protein solution by PAGE 
assay. The chemical shifts of impurities distributed about 8.2-8.1ppm, 7.8-7.4ppm, 
6.8ppm, 5.7-6.3ppm, 4.2-4.3ppm, 3.7-3.8ppm, 2.4-2.6ppm, might 1.7ppm, which 
matched well with DNA referred to reference 46. 
       
Figure 30: Left) structure, symbols and 1H spin system of riboses and bases in DNA and 
RNA. Right) 1H chemical shift ranges in DNA and RNA fragments. The first column was 
group or proton code, second column is chemical shifts values, the third column is comment part.  
In addition, the 2D TOCSY (150ms mixing) result showed information about the 
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impurity (spectrum 3 in Appendix 5). The correlations of protons from deoxyribose 
rings were quite clear. The first column of upper part in table (figure 30) might be 1’H, 
column 2-5 were 3’H to 5’H. Two doublets around 2.6-2.7ppm observed both in 1D 
and 2D spectra suggested there were two coupling protons might from 2’H and 2’’H, 
the coupling constant of both doublet were about 15.6Hz. But it was strange that I 
didn’t find cross peaks of other protons with 2’H and 2’’H on deoxyribose rings in the 
2D TOCSY spectrum. Peaks around 8.39, 8.34, 8.27 and 7.98 (8.21, 8.17, 8.09, 
7.81ppm in 1D) were singlet, they could be 2H of Adenine, 8H of Adenine and 
Guanine, or –NH  group of Adenine, Cytosine and Guanine. The NH2 2 in A, C, G 
exchanged with solvent protons is relative slower around pH 7.5 at 25 ºC.46 And the 
signal intensity at 7.98 was about two times than others. Two doublets in figure were 
7.74, 7.69ppm (7.57, 7.52ppm in 1D) coupled with 5.88, 6.03ppm respectively with 
coupling constants of 8.4 and 7.8Hz. They might be 5H, 6H that came from double 
bond on base ring of Cytosine, so I deduced the impurities probably contained the 
Cytosine and Adenine.  
7.98 8.22 8.32 
6.03 7.69 5.88 7.74 
base
3.90 4.344.945.15 5.85 
3.90 4.32 4.99 5.20 5.93 
3.90 4.45 5.15 5.44 6.16 
3.95 4.54 5.20 5.51 6.32 
deoxyribose ring (ppm)
    may from His7.43 8.39 
may from His7.64 8.63 
may from Tyr2.97 6.12 6.49 
Tyr0.57 1.28 3.62 6.83
may from Phe or1.25 2.56 3.60 4.66 6.83 7.54 
0.70 1.78 7.19
may from Phe2.92 3.44 7.19 7.81 
signals of possible aromatic residues (ppm)
 
Figure 31: Table of chemical shifts of A) part impurities signals of 2D TOSCY (150ms mixing) 
in PBS-KCl (pH7.4)-99% D2O at 25 ºC on 600MHz. B) NOEs with possible aromatic residues 
of 2D NOESY (150ms mixing) in PBS-KCl (pH7.4)-99% D2O at 25 ºC on 600MHz (spectrum 4 
in Appendix 5). 
5.33 4.01 3.77 C  H'54.10 4.01 4.15 A  H'5
3.60 4.06 4.09 C  H'54.18 4.07 4.10 A  H'5
4.24 3.92 4.25 C  H'44.44 4.41 4.36 A  H'4
4.80 4.70 4.70 C  H'35.50 4.95 4.93 A  H'3
2.50 1.80 2.45 C  H'22.91 2.60 2.83 A  H'2
2.20 2.27 2.20 C  H'22.82 2.96 2.72 A  H'2
5.94 5.28 5.59 C  H'16.20 6.29 6.00 A  H'1
7.39 7.24 7.23 C  H68.38 8.28 8.13 A  H8
5.33 5.39 5.21 C  H56.17 6.56 A  H6-2
5.77 7.18 C  H4-27.90 7.01 A  H6-1
8.35 7.58 C  H4-17.94 7.56 7.61 A  H2
21averageatom/ppm21averageatom/ppm
 
Figure 32: Table of chemical shifts of nucleic acid A and C (Average: statistics were 
calculated from the full BMRB database, including single and double stranded DNA, DNA 
complex with proteins and DNA containing modified bases. 1: from 1 13H, C and 15N Chemical 
Shift Assignments of the 14mer DNA Duplex BS2 in the Complex with the Antennapedia 
Homeodomain 2: from LEF1 HMG Domain (From Mouse), Complexed with DNA (15bp) 
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Chemical shifts of impurities in my sample were higher than the average values and 
showed more similarities to column no. 2(figure 32), such as H’1, H’3, H’4 and H’5. 
The largest difference was from the protons on double bond of base C, they were at 
higher frequency which might be explained by ring current effect.     
From 0-5ppm in spectrum, the cross peaks overlapped a lot. For the area about signals 
related to HN and several aromatic protons could be found in 2D experiments. In 
TOCSY experiment, protein was dissolved in 90% H O 10% D O, exposed H2 2  N was 
likely to exchanged with protons of H2O. In NOESY experiment, protein was 
dissolved in 99% D2O and 1%H2O, H N would exchange with Deuterium nuclei in the 
solvent. Fast exchanged H  and D N  N were NMR meaningless and could not be seen by 
NMR. So the H N left in NOESY should be those inside the hydrophobic core or held 
by structural protection. There were some NOEs generated from interaction of 
aromatic ring with side chains of other residues. In the first row of figure B, 7.81ppm 
might be H N of Phe residue which had NOE with protons on benzene rings (7.20ppm). 
The interaction between 6.49ppm and 6.12ppm was possible from Tyr, the values 
were so small might could due to the influence of –OH and current ring effect of 
aromatic ring. The only two Tyr in the protein were next to each other in sequence , 
the orientation of protons on one Tyr were probably under the shielding field provided 
by the other one.     
 
7.2 Spectra Analysis on 800MHz 
ppm (t2) 6.507.007.508.008.509.00
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Figure 33: 15N HSQC of DnaAc98 in PBS-KCl (125mM) of 10% D O at 25 ºC on 800MHz 2
About 90 one bond N-H connections of backbone and side chains appeared in the 15N 
HSQC spectrum. The signals were separated by and large, scattering from 106 to 126 
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ppm for N with the average value of 116.5ppm, 6.6 to 9.4 ppm for HN. The peaks such 
as B18, E15, E21, J2 and P3, P4 that located at special chemical shifts could become 
possible start points for assignment. The coordinate values in this spectrum were used 
for following analysis. Compared to HSQC spectrum presented by the Japanese group, 
signal distributions in the two pictures were quite alike. I had a few more peaks near 
the black star region in HSQC spectrum, because the sample we used had six extra 
residues at the N end. Points around white star mainly occupied 6.5-7.5ppm were 
probably side chains HN.  
The residue sequence of DnaAc98 had been known: 
Thrombin Site
370             380             390              400         410
GSQEKLVTIDNI QKTVAEYYKI KVADLLSKRR SRSVARPRQM AMALAKELTN 
420             430             440            450              460       467          
HSLPEIGDAF GGRDHTTVLH ACRKIEQLR EESHDIKEDFS NLIRTLSS  
Ala (A) 8    Arg (R) 9    Asn (N) 3   Asp (D) 6   Cys (C) 1   
Gln (Q) 4    Glu (E) 8    Gly (G) 4   Tyr (Y) 2   Val (V) 5 
His (H) 4    Ile (I) 7    Leu (L) 10  Lys (K) 8   Met (M) 2  
Phe (F) 2    Pro (P) 2    Ser (S) 9   Thr (T) 6   Trp (W) 0  
 
I aligned our 15N-HSQC data with the work in reference 4. It seemed the alignment 
was reliable, the cross peaks exhibited either N chemical shift changes ≥ 0.25ppm or 15
1HN ≥ 0.05ppm were marked by red square, including Thr375, Ile376, Ile379, Val383, 
Gln408, Leu413, Lys415, Thr418, Ser421, Glu424, Asp427, Thr435, Thr436, Ser451, 
453Asp, 460Asn 463Arg-467Ser. Most of them were located in helix structure (h1, 
h3-h6) and some were consistent with positions for DNA binding in papers.37, 51 The 
reason might be that not all the DNA pollutions were removed by dialysis. And the 
Ser421 instead of Leu422 51was seen the movement of N value, it was difficult to tell 
whether the protein bound specific DNA. But local ring current fields near aromatic 
rings (such as pyrimidines and purines in nuclei acids, R groups of Phe, Tyr) could 
cause variation of signal values. Circulating of π electrons generates a local shielding 
field, spins above or below the ring plane will move to the high field because of the 
shielding; spins on the aromatic plane are deshielded and will shift to the low field. 
That might be the explanation of why the peaks varied negatively or positively. And 
polar groups or H-bonds in the two kind molecules influence the peaks position too. 
The chemical shifts Changed signals of the terminal residues might caused by the 
different protein composition and test conditions from that in reference 4. 
Interestingly, both of us had almost no acquisition for Lys397-Ser402 where was 
identified for the basic loop. It could support the idea that this region in protein is 
exposed to solvent lead to protons fast exchange.  
I indented to confirm the alignment by residues connectivity search using 3D 
NOESY/ TOCSY. However, I could only identify part of the sequence due to the data 
shortage. According to the data I collected, I tried to find the connectivity of residues. 
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For sequential backbone assignment, usually I started on the residues that had more 
HN NOEs since normally HN (i) generated NOEs with HN (i-1) and HN (i+1) as well as 
those closely spaced HN that involved in certain structural arrangements. The results 
were compared with data in reference 4 (Appendix 6). 
1.22 s1.63 m4.47m5.00 m5.20 s8.32 m5.02s7.529110.46 T4
0.77m1.64 s2.11 m4.12 w4.48 w7.56 s4.48w8.333114.70 L9
1.56m2.19 s4.16 m  7.33 w7.93 m8.32 m4.21m7.659117.93 S12
0.64 s1.54 s2.09 s4.16 m4.53 w7.70 w8.22 m6.60w4.22w7.915123.17 P17
0.67 m0.93 m1.55 s1.97 s3.94 s7.90 s8.73 m2.53m4.78m8.211123.14 N17
0.91 m1.62 m3.94 m8.21 m8.41 m3.99w8.748121.74 H16
1.60 s       0.71w1.85 s4.54 w7.94 m8.76 m8.431122.81 K17
0.81m1.72 s3.32 w3.90 w8.48 m7.941119.83 P14
NOEsHβ and othersHαHNNno.
 
1.75 s3.11w3.97 s8.48w4.05m8.184121.83 N16
1.70 s2.80 w3.14 m3.88 m7.91 w8.19116.86 M11
1.68 s3.10 s3.85 s8.25 m1.65w3.99m7.918124.08 P18
1.02s1.88 s2.22w3.09s4.04 s4.79 m7.92 m8.74 m8.255118.69 M12
0.88m1.63 s2.12 s2.90 s3.58 m3.87 s7.37 m7.85 s3.93w8.222123.86 M18
0.87 s2.16 s3.89 m4.23 w7.77 m8.20 m3.91w7.367124.63 V19
1.24 w1.72 w2.20 w3.91 s4.25 s4.76m7.37 s4.00m7.786121.68 R16
0.91s1.65 w3.61 w3.92 s4.73 m7.78 m8.26 w3.70m4.76w7.339118.38 V13
NOEsHβ and othersHαHNNno.
 
0.90 m1.52 s1.90 s2.40 s3.74 m4.46 w6.16w8.68 w3.76w4.75m8.108119.49 013
0.72 m0.91 m1.61 m2.03m2.34 s3.48 m8.14 s8.691118.98 I13
0.73 s1.98 s2.86 m3.49 m4.47 m7.77 m8.65 m8.136124.54 N19
2.54 s2.88 s4.52 m4.80 w8.48 m8.12 m4.55w7.802119.47 R13
2.51 s4.11 m4.67 s7.81 w8.14w9.39 w8.503121.17 K15
0.51w1.20w1.79 m4.699.402123.91 B18
NOEsHβ and othersHαHNNno.
 
0.77 m1.37 m1.82 s2.10 s2.94 m3.97 m7.60 m8.717122.07 I16
2.08 s4.01 s7.27 w7.95 m8.68 m4.07m7.64120.03 S14
0.75w1.11w1.57s2.06 s3.63m4.03 m7.63 m8.13w3.68w7.896122.57 Q16
0.69 m1.10m 1.78s2.05 s2.70 s3.82 s7.85w8.34 w8.118120.28 N14
NOEsHβ and othersHαHNNno.
 
1.62w1.94 m3.95 s4.85w7.53 s4.10m4.87m8.621117.24 I11
1.97 s3.96 m4.25 m7.01 s8.63 s1.93w2.34m4.33s7.546118.36 T12
1.74s2.08s4.20 m7.56 s8.46 m2.10m4.22s7.033116.48 Z10
0.77w1.11w1.65m2.09w3.68 m3.92w7.02 m7.56 m4.78w8.482119.72 K14
NOEsHβ and othersHαHNNno.
 
Figure 34: 1) Chemical shifts Table of residues in fragment 1(Blue). 2) Chemical shifts Table 
of residues in fragment 2 (purple). 3) Chemical shifts Table of residues in fragment 3 (light 
green). 4) Chemical shifts Table of residues in fragment 4 (yellow). 5) Chemical shifts Table 
of residues in fragment 5 (orange). Chemical shifts of N and H 15were from N N HSQC, data of 
Hα, Hβ and other protons came form TOCSY and NOESY was responsible for signals of NOE part.  
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In the fragment 1 (spectra 5 in appendix 5), we began with K17 to track further. Based 
on HSQC spectrum, the N and HN of K17 were determined to be 122.81 and 
8.431ppm. So 8.76 and 7.94ppm clued two HN from neighbor residues P14 and H16. 
The residues in this fragment had reasonable correlation NOE of HN (i-1) - HN (i) - HN 
(i+1). But the information in TOCSY was too little to determine spin system even Hα. 
Data in Appendix 6 suggested this part might be fragment from Met411 to Thr418. 
The paper proposed that Hα of these residues were 3.35, 4.54, 3.91, 3.99, 4.17, 4.19, 
4.48, 4.46ppm respectively and most of them could be seen in my TOCSY or NOESY. 
The largest difference was found in Ala414 (N17): it showed a high Hα value in my 
TOCSY (4.76ppm), while in NOESY there was only a strong peak of 3.94ppm 
(3.99ppm in paper) which could come from interaction of Leu413 (H16) Hα with 
Ala414 HN. 6.60ppm of P17 was deduced to be the side chain protons of Lys415 
–NH . The proton at 5.02ppm of T4 in TOCSY probably was H2 β of Thr418. The 
chemical shift was quite high because of the two-bond attached oxygen (H-C-O-).  
I used the same method for fragment 2(spectra 6 in appendix 5). This fragment 
seemed from Thr435 to Arg442. Sometimes the HN chemical shifts of different 
residues were likely to overlap, the interactions of HN (i+1) to H (i), Hα β(i) … could be 
helpful for sequence identification. For example, proton of V13 (4.76ppm) interacted 
with HN of R16, proton of R16 (4.25ppm) generated NOE with HN of V19. Hα of V13 
and R16 were 3.96 and 4.27ppm in paper 4, thus the signal of 4.76ppm in V13 and 
4.00ppm in R16 should be their H .  β
B18 could be a point for starting assignment because it had a very special chemical 
shift in spectrum. (Spectra 7 in appendix 5) Though it showed no HN-HN interaction in 
NOESY, NOE cross peak of K15 HN (8.50ppm) with B18 (9.40ppm) was observed. 
B18-O13 was consistent with Ile376 to Lys381, but I could not found a Hα signal of 
3.52ppm in B13 that was proposed in paper 4. The possible B13 (Ile376) Hα in my 
spectrum was at 4.69ppm which gave a cross peak with HN of K15 (Asp377). The last 
O13 (Lys381) had two peaks at 3.76, 4.75ppm in TOCSY, while the reference value of 
Hα was 3.80ppm. Proton of 4.75ppm might be a Hε involved in hydrogen bond or 
influenced by ring current effect. Otherwise, 4.75ppm was Hα and 3.76ppm was Hε of 
O13. In addition, there were two short sequence of N14-I16 (Ile444-Leu447) and 
K14-I11 (Arg448-Ser451) (Spectra 8 in appendix). The reference didn’t mention Hα 
value of Ser451, while I had two more clear peaks of 4.87ppm, 4.10ppm in TOCSY.  
The secondary structure had been measured by Takayuki et al. using WASS method 
and confirmed by recent X-ray structure. When I aligned my results with those in the 
reference, I found nearly all of them were in the published helix structure except T4 
(Thr418) and I11 (Ser451). Typical features in helix structure of NOEs generated 
from dαN (i, i+3) could be observed sometimes, such as Hα of K17 (Ala412) had NOEs 
with HN of P17 (Lys415) in fragment 1; Hα of Thr375 (4.82ppm in paper 4, Appendix 
6) interacted with HN of R13 (Asn378) in fragment 3, but Thr375 is reported that it 
isn’t involved in helix structure; H  of R13 (Asn378) might be coupled with with Hα N 
of O13 (Lys381). However, the helix NOEs were not always be confirmed in the 
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spectra. One reason could be that i and i+3 residues had similar values in HBα so that 
the NOE cross peak of dαN (i, i+3) overlapped with dαN (i, i). 
Some related proteins could be used to predict DNA binding structure and features of 
DnaA based on their comparable DNA binding motif pattern (HTH), such as E.coli 
trp repressor (TrpR, aa 45-102) and human centromere-binding protein B (CENP-B) 
domain I (aa 1-56).  
CENP-B domain I and DnaA domain IV shared some common characteristics: they 
have HTH motif with extra helix involved in DNA binding; they recognize sequence 
specific DNA; they bind to DnaA box as monomer; they are highly helical and well 
packaged themselves; oligomerization is mediated by another domain in protein. 
CENP-B domain I have four helixes, h2 and h3 are responsible for HTH motif.56  
NMR study of CENP-B domain I showed several residues side chains of h1 (Ile16, 
Val20), h2 (Ile31, Phe35) and h3 (Leu42) form a hydrophobic core or near in space. 
Long range NOEs were found between Phe10 (h1) and Ile52 and Leu53 (h4). 
Hydrophobic interactions among these helixes define and stable their relative 
locations. When DNA fragment was added to protein solution, the large chemical 
shift perturbations of residues {Arg5, Leu8, Asp25, Lys28 (h2), [Ser43, Ile45, Leu46, 
Lys47] (h3) and Leu53 (h4)} was dose-dependent. Each residue only showed one HN 
peak at a certain DNA concentration, indicate a fast exchange manner. The perturbed 
residues mainly located in DNA interface or region of DNA-induced conformation 
change, especially N terminal and N portions of h2 and h3, as well as positive amino 
acids around HTH motif.56   
Though the DnaA domain IV is not similar to CENP-B in sequence, it is reported the 
N-terminus of DnaA h5 (in HTH) is important for DNA specific binding.39 And the 
perturbed residues in h1 of my 15N-HSQC sample were all hydrophobic ones which 
might implied a slight structural change. The perturbed residues that distributed in 
DNA binding motif (h3, h4, h5) were almost charged or polar ones which might be 
involved in salt bridges and H-bonds.  
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Materials and Methods 
Instruments 
PCR instrument of Life Science Denmark APS, Biometra personal cycler; Amersham 
Biosciences UV/ visible Spectrophotometer; Freeze dry instrument of CHRIST, 
YSP62MVSW Piranl; Struers, French Pressure cell press; Molecular dynamics, Storm 
840 fluoro-phosphor imager; ABI Prism 310 Genetic Analyzer for sequencing; 
Apogee Flow systems Ltd., A10 analyzer; Electrophoresis systems of C.B.S. 
Scientific CO. (DASG-250-02) and BIO-RAD (mini-PROTEAN 3); Winseq program 
(Flemming G. Hsnsen, DTU) for molecular biology and MestRec 4.9 and Topspin 2.0 
program for Chemistry (Carlsberg Lab); Varian, Unity Inova 600MHz NMR 
instrument; Bruker Avance 800MHz spectrometer equipped with 5mm Cryoprobe TCI 
Probe for NMR experiments(Carlsberg Lab).  
1. Construction of mutant DnaA c98 -GST fusion proteins 
1.1 PCR reaction to get dnaA mutant fragments 
Strains and plasmid bearing different dnaA mutants were used as templates (see 
strains table in Appendix 1): TC 4949(R407K), TC4950 (H434R), TC4951 (H434K), 
TC4954 (P423S), TC4956 (P423I), TC4960 (P423R) and pMN422 (R399Q, L395P). 
Primers were GST-C99 (5’CATGAGGATCCCAGGAAAAACTGGTCACC3’) and 
dnaA94-rw (5’GCTAGAATTCCTACGGCGTTTCACTTCTGA3’) (Invitrogen). The 
reactions were performed under conditions of 95 ºC 2min + (95 ºC 30s, 50 ºC 40s, 72 
ºC 30s) x 25 cycles + 72 ºC 10min, using High Fidelity PCR Enzyme Mix polymerase 
(Fermentas). PCR products were purified by “High Pure PCR Product Purification 
column” Kit (Roche) and kept at 4 ºC until next step. 
1.2 Digestion and ligation 
1.2.1 Purified vector pGEX-2T (Amersham Biosciences) and PCR products of 1.1 
were digested by BamH I and EcoR I (Fermentas) at 37 ºC for 4-6 hours. The reaction 
mixtures were heated at 80 ºC for 20min to inactive the two restriction enzymes.  
1.2.2 Mixture of digested pGEX-2T and PCR fragments, T4 ligase (Fermentas), 
20mM DTT and 2mM ATP in buffer were incubated at room temperature for 2 hours 
then overnight at 4 ºC  
1.3 Transformation  
2+1.3.1 Preparation of competent cells by Ca  procedure 
Host strain TC4797 in LB medium was grown to OD450 >1 at 37°C. Cell cultures 
were harvested by centrifugation at 8000 g for 2 minutes. Cells were washed by 
ice-cold 10mM MgSO  and resuspended gently with ice-cold 50mM CaCl4 2 at 0°C for 
30 minutes. Cells were collected and resuspended as above in ice-cold 50 mM CaCl2 
and incubate 0°C at least 60 minutes. The cells were competent, which may be kept 
for several days at 4 ºC. 
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1.3.2 Competent cells TC4797 and DNA (ligation products or plasmids) were 
incubated on ice for 30 min and then heated at 42 ºC for 5 minutes. 200μl cell cultures 
were plated on LB plates containing antibiotic and kept at 37 ºC overnight after being 
incubated at 37 ºC for 1 hour in five times volume LB medium.  
1.4 Identification of colonies bearing plasmids of gst-dnaA mutants  
Several colonies of each plate from 1.3.2 were used as templates in PCR reactions. 
Primers are 5'GEXseq (5’GGGCTGGCAAGCCACGTTTGGTG3’) and 3'GEXseq 
(5’CCGGGAGCTGCA TGTGTCAGAGG3’). The reactions were performed with 
condition as above in 1.1. Some of the positive colonies in PCR were confirmed by 
ABI Prism 310 Genetic Analyzer using the Big DyeTM Terminator cycle sequencing 
Ready Reaction from Applied Biosystem. (Appendix 3) 
1.5 Producer construction 
Prepared plasmids of gst-dnaA mutants were transformed into strain TC4907 (ompT 
hsdSB [rB-, mB-] gal clpP::cat) which was a good producer for expression of GST 
fusion proteins. 
 
2. Proteins Expression and Purification (unlabeled) 
2.1 Optimization of expression conditions  
2.1.1Colonies were picked up from plate of DnaA c98 –GST wild type and grown in 
20ml LB with ampicillin at 37 ºC to OD600 0.25. Different concentrations of IPTG 
were added to 100μM, 200μM, 300μM and 500μM respectively. The cell cultures 
were induced at 25 ºC. 
2.1.2 For IPTG Assay 
2ml cell cultures were taken from flask with different IPTG concentration: 100μM, 
200μM, 300μM and 500μM at induction time of 4 h. Cells were collected and kept at 
-20 ºC until next step. 
2.1.3 For Time Assay 
2ml cell cultures were taken from flask with 500μM IPTG at different induction time: 
2h, 3h, 4 h and 6h. Cells were collected and kept at -20 ºC until next step. 
2.1.4 Samples from 2.1.2 and 2.1.3 were defrozen and incubated in 110μl LA/ Lys/ 
Dnase I buffer (Appendix 2) on ice. Cells were disrupted by repeated freezing and 
thawing. Supernatants and pellets were separated by centrifugation at 20,000g for 
30minutes at 4 ºC and kept at -20ºC for several days until they were tested by 
SDS-PAGE (BIO-RAD). 
2.2 GST fusion protein purification 
-Strains BL21 (ompT hsdSB [rB B , mB-] gal) carrying plasmids with wild type (TC4715) 
and different mutant dnaAc98 -gst fusion genes were inoculated from LB 
ampicilin-plates into 250ml LB medium (ampicilin 100μg/ml) and grown at 37 ºC 
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until OD600 reach 0.50. IPTG was added to 300μM for inducing expression of the 
DnaAc98 -GST fusion proteins after the cell cultures were incubated at 25 ºC for 20 
minutes; all the cells were harvested four hours later by centrifuging at 8000rpm for 5 
minutes and resupended in 30ml cold PBS-KCl (140mM) buffer. French Press method 
was used to disrupt the cells and the crude extraction of total proteins were obtained 
by centrifuging at 20,000rpm for 20 minutes; DNA was degraded by treatment with 
Dnase I (50-80μg/ml) in presence of 10mM MgCl2 at room temperature more than 3 
hours or on ice overnight, then was filtered through 0.2μm membrane (Minisart). 
Columns for purification were packaged with Gluthathione Sepharose 4B (GE 
healthcare) which bind GST fusion proteins and equilibrated with PBS-KCl buffer. 
The loaded crude extraction was passed through the column with a speed less than 6-8 
drops/minute at 4 ºC; the columns were washed by 50ml cold PBS-KCl buffer to 
remove unbound proteins. Target proteins were cleaved off by Thrombin (Amersham 
Pharmacia Biotech, 20 units in PBS-KCl buffer), which were performed on the 
column for 16 hours at 0-5 ºC; protein solutions were kept at -80 ºC with 18% 
glycerol. Regeneration of GST-Sepharose columns were operated following the 
procedures described in Appendix 2. 
 
3. Gel Shift Assay in vitro  
3.1 Preparation of oligonucleotide (XX-GSA) solutions 
3.1.1 2μM single-strand oligonucleotides (Invitrogen) with complementary sequences 
are called XX-F and XX-R. Oligonucleotides concentrations were experimentally 
determined by measuring OD260. 
3.1.2 Mixtures of 50μl + R50μl F + 100μl 100mM KCl were heated at 80 ºC for 10 
minutes, and then were slowly cooled to room temperature. The double-strand 
oligonucleotides, XX-ds solutions were stored at -20 ºC. 
3.1.3 Oligonucleotides solution ready for use: XX-ds solutions were diluted in GSA 
buffer with a ratio of 1:5, which were labelled as XX-GSA. 
3.2 Preparation of protein solutions 
3.2.1 Before making solutions, mutant proteins of DnaA domain IV:  H434R and 
H434K were firstly incubated with Dnase I 80μg/ml+10mM MgCl2 at room 
temperature for 5 hours, following by dialysis against GSA buffer with 50mM EDTA 
for 12 hours and then against GSA buffer for 8 hours further in D-tubesTM (MWCO 
3.5 kDa, Novagen). P423R was dialyzed against GSA buffer for 3 hours to remove 
most glycerol. 
3.2.2 Concentrations of proteins were measured by Lowry and Bradford methods. 
(Appendix) Proteins were diluted in GSA buffer to concentration of 0.33μM, 0.65μM, 
1.3μM respectively. 
3.3 Binding activities were tested on 25% polyacrylamide gel electrophoresis  
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3.3.1 Gel preparation (see Appendix 2): It is necessary to prerun the gel 0.5-1 hour 
before loading samples. 
3.3.2 3μl XX-GSA solutions + 7μl protein dilutions (total 10μl/tube) were incubated 
at room temperature for 20 minutes, mean while use 3μl XX-GSA solutions + 7μl 
GSA buffer with 5% glycerol as controls. Finally 2μl 6x loading buffer was added per 
tube. 
3.3.3 The gels were run at 100V for several hours, stained by Gel-Star (Cambrex) 
diluted in 1x TBE buffer, rinsed by MilliQ water sufficiently. Photographs were taken 
using Storm phosphor-fluoro imager under the fluorescence mode of Blue 
(450nm)/520LP.    
4. Recombination in vivo 
4.1 PCR fragments of mutant dnaA for recombination 
Strains in 1.1 were used as template. Primers were BstE II (5’GCGCGACTTGCTGG 
CATTGC3’) and pBEX4 (5’CGCCAGGCgAATTCTGTTTTATC3’). The reactions 
were performed under conditions of 95 ºC 2min + (95 ºC 30s, 48 ºC 40s, 72 ºC 30s) x 
5 cycles + (95 ºC 30s, 55 ºC 30s, 72 ºC 30s) x 20 cycles + 72 ºC 10min. PCR products 
were digested by EcoR V (New England BioLabs) and purified by “High Pure PCR 
Product Purification column” Kit (Roche) and kept at 4 ºC until next step. 
4.2 Electrocompetent cells preparation 
Strain TC4910(dnaA204 Ts) was incubated from plate into 20ml LB medium and 
grown with good shaking at 37ºC to OD600 0.5, IPTG was added into cell culture 
to100μM 2 hours after the incubation time. Cells were harvested in Ole Dich tubes by 
centrifuging at 5,000 g for 3 minutes and supernatant was removed carefully. Cells 
were washed in 2 x 8 ml ice-cold sterile water three times under the same 
centrifugation conditions. Electro competent cells were ready when they were 
resuspended in 2x 200μl 10% ice-cold glycerol. 
4.3 Elektroporation 
40 µl competent cells and 1-2 µl DNA in TE buffer were mixed well and transferred 
into cold cuvetters (0.1 cm), electroporator was properly set up, 40 µl competent cells 
without DNA was used as control. 1 ml LB medium was added after electroporation 
and was quickly moved to E-tube. 200 µl cell cultures per tube were plated at 42 ºC 
overnight after incubating the cell cultures at 30 ºC for 1 hour.  
4.4 Identification of recombinant donor strains 
4.4.1 Several colonies were picked up from plates of control and each mutant dnaA. 
PCR reactions were performed with primers DnaA-BstE 5’CAATGCCAACTTTA 
CCGGACG3’ and DnaA 4 BW 5’CCACCTAACGGACCGCTCAC3’, using these 
colonies as templates. PCR products were digested by Sau3A which recognized 
sequence “GATC”. Because the successful recombinant strains would have one more 
restricted site compared to dnaA Ts ones.  
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4.4.2 Another method, the Single strand conformation polymorphism (SSCP) 
Electrophoresis was applied to identify the positive colonies. Single strand DNA 
fragments undergo a 3D folding to form different conformational states according to 
their sequence. They travel with different speeds on the gel which depended on the 
folded structures, even the size of fragments are the same. This method was widely 
used to detect mutant genes though it had the limitation from experimental conditions 
and sequences. 
4.4.2.1 Sample preparation  
Several colonies were picked up from plates of each mutant dnaA. PCR reactions 
were performed with primers BstE II and DnaA 4 BW, using these colonies as 
templates. PCR products were digested by EcoRV to get the dnaA fragments that have 
the same sizes with their positive controls.   
4.4.2.2 The samples in loading buffer with a ratio of 1:2 were denatured at 98 ºC for 5 
minutes and quickly cooled on ice for 3 minutes; all the samples were loaded on the 
8% polyacrylamide gel within 5 minutes. The gels were firstly run in 0.5x TBE buffer 
at 250V for 5 minutes then 100V overnight in cold room (5ºC). The gels were stained 
by Gel-Star and scanned.  
4.4.3 Results were confirmed by sequencing reaction described in 1.4. The 
sequencing results were shown in the Appendix 4.  
4.5 Production of P1vir phage lysate by the plate method 
The donor strains TC4798, TC4969 were grown in 5 ml LB (+ antibiotics) overnight 
at 37 ºC. Five dilutions (10-1, 10-2, 10-3, 10-4 and 10-5) of old starter P1 lysate were 
made in LB medium. 100 µl of each phage lysate dilution and 200 µl donor cultures 
were gently mixed. One tube without lysate was used as control. 
10 ml LB and CaCl2 to 10mM were added into melting 50 ml LB topagar (0.7%). The 
topagar was divided into 5 ml per tube and were incubated at 4 ºC. The mixture of 
phage-donor cultures with topagar per tube was poured onto the prewarmed LB plate. 
The plates were left for 0.5 hour to allow the topagar to solidify, and then at 37 ºC 
overnight.  
Plates with almost but not quite total lysis were selected. Phages on these plates were 
harvested by scrabing the topagar into centrifuge tubes with LB medium. After adding 
MgCl2 to 10mM and, agar and cell debries were spin down at 10.000g for 10 min. 
The supernatant were transferred to new centrifuge tubes and 0.5 ml CHCl3 was 
added per tube, which were left overnight at 4 ºC. The centrifugation was performed 
again and the supernatant labelled as Lysate P1 (P423I-DnaA) were stored at 4 ºC. 
4.6 P1 transduction 
4.6.1 Recipient strains TC4969, TC4798 (+ antibiotics) were grown overnight at 30 
ºC and CaCl 02 were added to 10mM. P1 donor lysate dilutions (10 , 10-1 -2, 10  and 10-3) 
were made in LB. 100 µl of each phage dilution with 200 µl recipient culture were 
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incubated together at 37 ºC for 20 min. 
4.6.2 Selection by antibiotic resistance 
1 ml LB with 1% Nacitrate was added into phage-recipient culture per tube, shaking 
at 37ºC for 1-2 hours. Cells were spin down at 10.000g for 2 minutes and resuspended 
in 200µl LB + citrate for plating on LB + tet. 100 µl undiluted P1 lysate was directly 
plated on tet plate as control for sterility. The plates were selected at 42 ºC. Several 
colonies were restriken from the plate with the most dilute lysate that gave 
transductants on tet plates.  
4.6.3 Results were confirmed by sequencing reaction.  
 
5. Titration Assay  
5.1 Samples preparation 
Strains TC4797, TC5328; TC4961, TC5329 (see strains table in Appendix 1) were 
grown in 20ml ABT medium (see Appendix) at 37 ºC until OD4500.4-0.5.  
SET 1: The cell cultures were firstly 10 times diluted in 30ml ABT and continued 
growing to OD4500.4-0.5. 4 x 1ml cell cultures from each strain were taken for 
β-Galactosidase Assay and 1 x 1ml cell culture for Flow Cytometry Assay. 
SET 2: The cell cultures from first dilution were 5 times diluted in 30ml ABT and 
continued growing to OD4500.4-0.5. 4 x 1ml cell cultures were taken from each strain 
for β-Galactosidase Assay and 1 x 1ml cell culture for Flow Cytometry Assay. 
5.2 β-Galactosidase Assay with 1x ONPG (Ortho-Nitrophenyl-Galactosid)  
Samples from 6.1 were transferred to Ole Dich tube containing 50µl 4mg/ml 
Chloramphenicol to stop protein synthesis. Simultaneously one of the four samples in 
both sets was used to determine cell mass by OD450. 2-3 drops toluene was added to 
each tube in the hood, shaking for 1 minute. The samples were covered loosely with 
alumina foil and left overnight. 
200µl samples per tube was transferred to a new tube in 30 ºC water bath, meanwhile 
3 x 200µl ABT medium were used as reference. The reaction was started by adding 1 
ml 1 x ONPG in Z-buffer per tube and stopped by 0.5 ml of 1 M Na CO2 3 when the 
samples showed an appropriate yellow colour. Record the total reaction time and 
OD420   of samples relative to the references.  
Miller unit =    OD420 / Reaction time (min) x sample (ml) x OD450  
Miller unit R =   OD420 of dnaA P423I / OD420 of dnaA+
5.3 Replication Study by Flow Cytometry Assay 
5.3.1 1 ml cells per sample from 5.1 were taken to a test tube with 10µl 30 mg/ml 
Rifampicin and 10µl 3.6 mg/ml Chephalexin. The samples were incubated 90 or 120 
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min with shaking at 37ºC. Cells were harvested and resuspended in 100µl ice-cold 
10mM Tris-HCl (pH 7.4). 1 ml 77% ice-cold Ethanol was added per tube to fix the 
cells for 30 minutes on ice or over night at 4ºC. The sample will keep for several 
months at 4ºC. 
5.3.2 Staining of Samples  
0.1 ml fixed cells per sample form 5.3.1 were resuspend in 140µl staining solution of 
Mithramycin / Ethidiumbromide. The samples were kept on ice in the dark, while 
should be at room temperature for 5-15 minutes before running on the flow cytometer. 
 
6. NMR Sample Preparation 
6.1 Optimization of Expression Conditions (15N labelled, 15 TM) NH Cl from IsoTec4
The same method described in 2.1 was used to find the optimal conditions for 15N 
labeled DnaAc98 protein, except that the medium and induction time. For IPTG Assay, 
samples were taken at 8 h. For Time Assay, samples were taken at 4 h, 6 h, 8 h, 12 h 
and 16 h. The cells were grown in minimal MOPS medium.49  
156.2 Proteins Expression and Purification (unlabeled and N labeled)  
The purification of unlabeled DnaAc98 method was described in Method 2.2 using 
1L LB culture. Strain TC4715 of DnaAc98 wild type protein was grown in 1L MOPS 
medium (NH4Cl) until OD600 >0.5. Cells were collected by centrifuging at 7000rpm 
10 min. The cells were resuspended in new MOPS medium (containing 15NH4Cl) 
then induced under 300μM IPTG at 25 ºC for 10-12 hours. The cells were collected 
for purification. [MOPS medium/L (15  49 N labeled) 100ml MOPS basis, 1.9M 
15NH Cl 5ml, 0.276M K SO  1ml, 0.132M K HPO4 2 4 2 4 1ml, 10ml 20%glucose, add 
Sterile Water to 1L.] Following procedure was the same as described in Method 2.2
6.3 NMR sample preparation 
Cleavage solution of DnaAc98 protein were quickly frozen in Liquid Nitrogen for 
several hours and kept at -80ºC. The protein was concentrated and dried by 
lyopilization. The sample was dissolved in MilliQ water less than 1ml and dialysis 
against PBS-KCl buffer (pH 7.4) 675µl protein sample + 75µl D2O (Sigma) were 
mixed well and transferred to NMR tube (Wilmad LabGlass). 
 
7. NMR analysis 
NMR samples contained approximately 0.2mM DnaAc98 protein in PBS 
(125mM)-KCl buffer (pH 7.4). To optimize the conditions, 1D 1HNMR of pH 7.4, 7.3 
(at temperature 25 ºC and 15 ºC), 7.2, 6.9 were compared. 2D TOCSY, NOESY with 
mixing time 150ms, 150ms respectively were tested on 600MHz spectrometer in RUC 
for unlabeled samples.  
15N labeled samples were performed at 25ºC on Bruker Avance 800MHz spectrometer 
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equipped with 5mm Cryoprobe TCI Probe. The acquisition computer is the HP 
workstations running Linux and TopSpin 2. Spectra data were recorded for back bone 
assignment and structure analysis: 1 15 1 15H– N HSQC, H– N NOESY–HSQC (120 ms 
mixing time) 1 15H– N TOCSY–HSQC (60 ms mixing time). All the spectra were 
processing using MestReC 4.9 and TopSpin 2.0 programes. 
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Appendix 1  
 
TA Lab, this workTRKanR, tetRP1(TC4969 x TC5326)TC5329
TA Lab, this workTRKanR, tetRP1(TC4798 x TC5326)TC5328
TA Lab, this workTRKanRTC4910 x TC4956TC5326
TA Lab, this workTRAmpRTC4907+pGEX-dnaAc98(P423R)TC5316
TA Lab, this workTRAmpRTC4907+pGEX-dnaAc98(P423I)TC5315
TA Lab, this workTRAmpRTC4907+pGEX-dnaAc98(P423S)TC5314
TA LabTsKanR(att λ int ) pmioCk12lacZ  TC4969
TA LabTsKanRP1(RUC1024-pdnaA-lacZ::aHP) dnaA204TC4798
TA Lab38TRAmpRTC4907+pGEX-dnaAc98 TC4915     
TA Lab35TRKanRatt B::pmioCk12-lacZ  TC4961  
TA Lab52TsKanR, tetR([recC, ptrB, recD]):: plac exo KM22 tnaA:: Tn10 TC4910 
TA LabTRKanR(BL21 ompT hsdSB [rB-, mB-] gal clpP::cat)TC4907
TA Lab35TRKanRk-12 (attB::pdnaA-lacZ) RUC1024(P1) x RB210TC4797     
TA Lab56, 40TsAmpRpMN242 (pDnaA P423R) TC4960
TA Lab56, 40TsAmpRpMN242 (pDnaA P423I) TC4956
TA Lab56, 40TsAmpRpMN242 (pDnaA P423S) TC4954
TA Lab56, 40TsAmpRpMN242 (pDnaA H434K) TC4951
TA Lab56, 40TsAmpRpMN242 (pDnaA H434R) TC4950
TA Lab56, 40TsAmpRpMN242 (pDnaA R407K)TC4949 
fromresistancedescriptionstrain no.
Strains table
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Appendix 2 
1. 25% PAGE gel preparation: 8.33ml 30% (w/v) Acrylamide: 0.8% (w/v) 
Bis-acrylamide, 1ml 10 x TBE, 0.57ml H2O, 100µl Ammonium Persulfate, and 10µl 
TEMED 
2. Z-buffer       2L 
0.06 M Na2HPO4  21.36 g 
0.04 M NaH2PO4  12.48 g 
0.01M KCl    1.49 g 
0.001 M MgSO4   0.495 g 
Dissolve in 1.5L MilliQ water and adjust pH to 7.0 
3. 5 x ONPG stock solution 4 mg/ml: e.g. 400mg ONPG (ortho-nitrophenyl- 
galactosid) dissolved in 100 ml Z-buffer on magnetic stirrer. Store it at –20 ºC in 
plastic tubes with blue screw caps.  
4. Staining solution: 90µg/ml Mithramycin, 20µg/ml Ethidiumbromide in 10mM 
Tris-HCl pH7.4, 10mM MgCl2. 
5. LB/L: 10g Bacto-Tryptone, 5g Bacto-yeast extract, 10 g NaCl, add ddH2O to 1L 
6. ABT/L54: 900ml Sterile Water, 100ml A10 Salts, 1ml 1M MgCl2, 0.1ml 1M CaCl2, 
0.3ml 0.01M FeCl3, 0.4ml 4mg/ml Thiamin(B1), 10ml 20%glucose, 50ml 20% 
Casamino acid. 
7. Column regeneration: 2-4 bed volum 0.75M KCl in 50mM TRIS pH8.0, 2 bed 
volum 6M Guandine-HCl, 4 bed volum 10mM Potassium-phosphate buffer pH 7.5, 
stored in 20% EtOH. 
8. LA /lys/DNAse Buffer: 0.1 mg/ml Lysozym, 10µg /ml DNAse, 10 mM MgCl2
20µl 100 mM ATP, 20µl 10 mg/ml Lysozym, 20µl 1 mg/ml DNAse, 20µl 1 M MgCl2, 
add 2500µl L-buffer of 25mM Hepes pH 7.6 +200 mM K-glutamat. 
9. MOPS medium/L (15N labled)49 
100ml MOPS basis, 1.9M 15NH4Cl 5ml, 0.276M K2SO4 1ml, 0,132M K2HPO4 1ml 
10. GSA Buffer: 50mM KCl, 10mM K2HPO4, 1.8mM KH2PO4
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Appendix 5 
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9.010.0  
Spectrum 1: 1D 1HNMR spectrum of the DnaAC98 in PBS-KCl (pH7.3) containing 10% 
D2O at 15 ºC on 600MHz. 
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Spectrum 2: 1D spectrum of part impurities in PBS-KCl (pH7.4) of 99% D2O at 25 ºC (left) 
and PBS-KCl (pH7.3) containing 10% D2O at 15 ºC(right) on 600MHz. 
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Spectrum 3: 2D TOSCY (150ms mixing) spectrum of part impurities in PBS-KCl (pH7.4) of 
99% D2O at 25 ºC on 600MHz. 
 
 
 
 
Spectrum 4: 2D NOESY (150ms mixing) spectrum of part impurities in PBS-KCl (pH7.4) of 
99% D2O at 25 ºC on 600MHz. 
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Spectrum 5: 3D NOESY (120ms mixing) spectrum of DnaAc98 fragment 1 in PBS-KCl 
(pH7.4) of 10% D2O at 25 ºC on 800MHz. 
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Spectrum 6: 3D NOESY (120ms mixing) spectrum of DnaAc98 fragment 2 in PBS-KCl 
(pH7.4) of 10% D2O at 25 ºC on 800MHz. 
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Spectrum 7: 3D NOESY (120ms mixing) spectrum of DnaAc98 fragment 3 in PBS-KCl 
(pH7.4) of 10% D2O at 25 ºC on 800MHz. 
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Spectrum 8: 3D NOESY (120ms mixing) spectrum of DnaAc98 fragment 4 (left) and 5 (right) 
in PBS-KCl (pH7.4) of 10% D2O at 25 ºC on 800MHz. 
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Appendix 6 
-0.01 0.03 P147.941119.83 3.35 7.95 119.8 MET411
0.00 0.07 J168.543121.37 4.00 8.54 121.3 ALA410
0.00 0.09 I148.663119.79 4.26 8.66 119.7 MET409
0.00 -1.04 N138.165119.36 3.80 8.16 120.4 GLN408
0.01 -0.03 Q127.893118.27 3.76 7.88 118.3 ARG 407
PRO406
0.03 0.10 L128.39118.40 8.36 118.3 ARG405
-0.01 0.00 N218.152126.60 3.97 8.16 126.6 ALA404
-0.02 0.07 X107.192115.67 4.16 7.21 115.6 VAL403
114.5 SER402
130.5 ARG401
118.0 SER400
ARG399
8.00 122.6 ARG398
LYS397
-0.02 -0.03 X107.192115.67 7.21 115.7 SER396
-0.03 0.12 V127.339117.62 3.96 7.37 117.5 LEU395
-0.03 -0.11 S157.661120.79 3.93 7.69 120.9 LEU394
0.00 0.11 W117.226117.31 4.44 7.23 117.2 ASP393
0.03 -0.03 J158.533120.77 3.94 8.50 120.8 ALA392
0.03 0.14 E219.057127.34 3.34 9.03 127.2 VAL391
0.01 -0.01 J148.636119.99 4.71 8.63 120.0 LYS390
0.01 0.05 K98.457115.45 4.79 8.45 115.4 ILE389
-0.02 0.08 Q147.88119.58 4.00 7.90 119.5 LYS388
-0.01 0.02 Q97.826115.32 4.49 7.84 115.3 TYR387
-0.03 0.06 M188.222123.86 3.93 8.25 123.8 TYR386
-0.04 0.00 Q117.906117.60 3.95 7.95 117.6 GLU385
0.01 0.08 L178.346123.08 3.79 8.34 123.0 ALA384
0.01 0.24 H188.749124.54 3.56 8.74 124.3 VAL383
-0.01 0.09 M128.255118.69 4.13 8.27 118.6 THR382
0.00 -0.01 O138.108119.49 3.80 8.11 119.5 LYS381
0.05 0.08 I138.691118.98 3.54 8.64 118.9 GLN380
0.03 0.24 N198.136124.54 3.54 8.11 124.3 ILE379
0.00 -0.03 R137.802119.47 4.54 7.80 119.5 ASN378
0.02 0.07 K158.503121.17 4.18 8.48 121.1 ASP377
0.11 0.41 B189.402123.91 3.52 9.29 123.5 ILE376
0.05 1.37 N118.146117.17 4.82 8.10 115.8 THR375
4.44 8.62 126.3 VAL 374
HN2-HN1N2-N1HNNHαHNN
this work (2)reference 4 (1)
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-0.01 0.18 Z107.033116.48 4.24 7.04 116.3 GLU 449
-0.01 -0.08 K148.482119.72 3.72 8.49 119.8 ARG448
-0.01 0.07 I168.717122.07 4.04 8.73 122.0 LEU447
-0.01 0.13 S147.64120.03 4.04 7.65 119.9 GLN 446
-0.01 0.07 Q167.896122.57 3.65 7.91 122.5 GLU445
0.02 0.08 N148.118120.28 3.89 8.10 120.2 ILE444
4.05 8.34 122.9 LYS443
-0.02 0.23 N168.184121.83 4.02 8.20 121.6 ARG442
M118.19116.86 3.88 8.19 116.8 CYS 0.00 0.06 441
P187.918124.08 3.92 7.95 124.1 ALA -0.03 -0.02 440
-0.02 0.19 M128.255118.69 4.25 8.28 118.5 HIS439
-0.03 0.16 M188.222123.86 3.93 8.25 123.7 LEU438
V197.367124.63 3.89 7.41 124.5 VAL -0.04 0.13 437
R167.786121.68 4.27 7.81 122.2 THR -0.02 -0.52 436
V137.339118.38 3.96 7.40 118.5 THR -0.06 -0.12 435
0.00 0.00 HIS434
0.01 -0.06 M158.267121.04 4.29 8.26 121.1 ASP433
-0.02 0.20 Y177.088122.60 4.27 7.11 122.4 ARG432
0.00 -0.01 P37.993109.09 4.02 7.99 109.1 GLY431
0.03 0.20 P47.989109.70 3.87/4.237.96 109.5 GLY430
0.00 0.13 R147.765120.43 4.40 7.77 120.3 PHE429
-0.03 -0.12 U157.438120.88 4.23 7.47 121.0 ALA428
-0.01 L188.39124.25 4.26 8.40 124.5 ASP -0.25 427
-0.01 J28.536108.37 3.22/3.658.55 108.5 GLY -0.13 426
-0.01 L168.377122.51 3.50 8.39 122.4 ILE 0.11 425
0.02 W137.253119.14 4.03 7.23 118.9 GLU 0.24 424
PRO423
0.01 D159.094120.80 9.08 120.7 LEU 0.10 422
0.04 J128.522118.27 4.06 8.48 118.7 SER -0.43 421
4.56 7.65 119.2 HIS420
5.02 8.30 118.1 ASN419
0.00 T47.529110.46 4.46 7.53 110.2 THR418
-0.01 L98.333114.70 4.48 8.34 114.7 LEU
0.26 
0.00 417
-0.05 S127.659117.93 4.19 7.71 117.9 GLU 0.03 416
0.00 P177.915123.17 4.17 7.91 122.9 LYS 0.27 415
-0.01 N178.211123.14 3.99 8.22 123.0 ALA 0.14 414
0.00 H168.748121.74 3.91 8.75 121.5 LEU 0.24 413
0.00 0.01 K178.431122.81 4.54 8.43 122.8 ALA412
HN2-HN1N2-N1HNNHαHNN
this work (2)reference 4 (1)
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-0.05 -0.08 U187.411124.42 7.46 124.5 SER 467
0.06 -0.91 S97.691114.49 7.63 115.4 SER466
0.09 0.07 O168.076121.97 4.16 7.99 121.9 LEU465
0.07 0.36 O128.04118.36 4.11 7.97 118.0 THR 464
0.04 0.34 Q177.825123.44 3.96 7.79 123.1 ARG463
-0.01 0.01 M168.307121.61 3.45 8.32 121.6 ILE462
-0.02 0.03 M198.295124.63 3.68 8.31 124.6 LEU461
0.05 0.19 G188.878123.59 4.35 8.83 123.4 ASN460
-0.03 -0.10 Q87.857114.00 4.04 7.89 114.1 SER459
-0.02 0.04 I158.705121.44 3.91 8.72 121.4 PHE458
0.01 0.06 I178.641122.66 4.34 8.63 122.6 ASP457
0.04 0.23 N158.168121.23 4.06 8.13 121.0 GLU456
3.82 8.03 123.1 LYS455
0.00 0.11 U167.495121.71 3.98 7.49 121.6 ILE454
-0.01 -0.41 M138.259119.29 4.33 8.27 119.7 ASP453
0.00 0.00 HIS452
-0.12 0.24 I118.621117.24 8.74 117.0 SER451
-0.01 0.06 T127.546118.36 4.33 7.56 118.3 GLU450
HN2-HN1N2-N1HNNHαHNN
this work (2)reference 4 (1)
 
Note: residues with the same color in the first column are in the same helix. Numbers with the 
same color in the eighth column indicate the possible positions or overlap signals.  
 
 
 
 
 
 
 A-16
Complementary for Molecular Biology  
R407-R4 13mer
K407-R4
Ala410
Met411
Ala404 Val403
Asp393
Arg398
TTATCCACA
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Met411
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His434-R4 13mer
Arg 434-R4 13mer
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G (TTATCCACA)
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Val437
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Figure C1: Computer simulation of interactions between mutant DnaA IV c98 proteins and 13 mer 
DNA (R4) by Swiss pdbViewer. The blue color represents N atom, the red color shows the O atom, 
yellow color is P atom and white color means C atom. The green dotted line is possible H-bond. 
The letters with underline or small letters show the interaction sites in DNA; the letter in front of 
the bracket means the interaction site is located on responsible position of the other strand. A) 
R407  B) K407  C) R407  D) P423  E) S423  F) I423  G) H434  H) R434  I) K434  
 
From figure C1 and software analysis, it seemed that the R407K could not stabilize 
the back bone of DNA and showed clash with Arg432, further, the less interactions 
with other residues consisted with the displayed instability on SDS gel and indicated 
the structural problems of R407K. H434R might form another H-bond with base in 
box, but lose Van der Waal interaction with DNA. And the H434K could only 
maintain a weaker H-bond. P423S and P423 R might have stronger binding activity 
due to the additional interactions with DNA backbone and base in box. The computer 
results were similar to those be observed in vitro.   
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Table C1: kD (kDapp) for complexes of mutant DnaA (domain IV) proteins and DNA in references. 
1.0 μM0.5 μMkD3 (DnaA domainIV, gel shift by Flemming G. Hansen )
1.2a/51b nMNonspecific39.0a/24b nM0.9a/51b nMkD2 (gel shift by Sigrid Schaper )
100 nM100 nMkD1(H434Y)
100 nM80 nMkD1(H434A)
UnstableUnstablekD1(R407H)
NBNBkD1(R407C)
100 nM450 nMkD1(R407A)
0.6 nM5.0 nMkD1 (SPR by Franca Blaesing )
R4R3R2R1A (R2)R1kD(kDapp) / DnaA box 
 
Note: kD (kDapp) is defined as the concentration of protein when 50% DNA was bound here. 
kD 1 were results from SPR method by Franca Blaesing, kD 2 and kD 3 were done by gel shift assays. 
Table C2: kD (kDapp) for complexes of mutant DnaA domain IV proteins and DNA in this report 
determined by gel shift assays and analyzed by Image Quant 5.2. 
0.40.80.7NDND0.91.1R 4 5'ACAGAGTTATCCACAGTAGAT3'
1.10.80.7NDND1.00.5datA17h 5'ACAGAGTTATCCACAGC3'
1.01.10.7NDNDND1.0R2-R4-5 5'GAGGGGTTATCCACAACTCAA3'
1.1ND1.4NDNDNDNDR 2          5'GAGGGGTTATACACAACTCAA3'
1.1NDNDNDNDNDNDR4-I 5'ACAGAGTTATCCCCAGTAGAT3'
1.1ND1.1NDND1.0NDR4-g9      5'ACAGAGTTATCCACGGTAGAT3'
1.3NDNDNDNDNDNDR4-a8 5'ACAGAGTTATCCAAAGTAGAT3'
P423RP423IP423SH434KH434RR407KwtkDapp μΜ
 
Note: ND usually means the kD (kDapp) value > 1.5μM 
 
The binding kinetics was analyzed (Table C2 and Appendix C1) and compared to data 
in papers (Table C1). The dissociation constant was introduced. Because the DNA 
concentration was much less than protein, it was proposed the KD is similar to KDapp 
which is defined as the concentration of protein when 50% DNA was bound. The gel 
shift is less sensitive than SPR method and binding activity of DnaA domain IV is 
lower than intact protein. The effect of position 5 in box should be noticed. Though in 
DnaA-DNA crystal complex no evident residue contact with position 5 in box, the 
recent results showed it contribute to binding. The reason might be the conformation 
change caused by different sequence. The sequence of TACACA may less stable but 
more rigid than TCCACA due to the force generated from base interactions. In 
solution, DNA will bend 10 degree more than in crystal, whether position 5 could 
interact with residues were still needed to be confirmed. 
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Range: 7.50-8.50ppm
First
Second
Third
 
Figure C2: Spectra of DnaAc98 in 99% D2O (pH7.4) at 25ºC on 600MHz from different time. 
(7.50-8.50ppm) 
 
1.02/0.692.53/2.501.24/0.93(d)2.48/2.46
0.61/0.902.68/2.650.66/1.09(d)2.63/2.61
0.31/0.307.67/7.660.81/0.727.64/7.630.69/0.62(d)7.60/7.59
0.31 7.69/7.680.80/0.687.69/7.680.72/0.69(d)7.65/7.64
0.46 7.82 0.25 7.82 
0.39 7.84 0.21/0.207.85/7.84
2.05 7.91 1.37 7.93 1.35 7.88 
0.44 7.96 
0.16 8.13 
0.18 8.15 
0.76 8.20 1.03 8.22 1.20 8.17 
1.28 8.27 1.60 8.29 2.08 8.25 
0.60 8.31 0.12/0.148.34/8.33
HightppmHightppmHightppm
third (>36h)second (> 8h)first
Table C3 :        Spectra of DnaAc98 in 99% D2O (pH7.4) at 25ºC on 600MHz
 
      Note: Analysis from spectra in Figure C2. (d) is doublet. 
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Table C4: Nucleotide proton chemical shifts of d(CCTGTGGATAACA)/ d(TGTTA TCCACAGG) 
in paper 
 
The three spectra (figure C2) were from the same sample under the same test 
conditions except the time. It was clear that the possible sharp DNA peaks within 
7.50-8.50ppm (the peaks from the protein were too weak to be observed now) were 
changed. The peaks were broader, intensity of some old peaks were decreasing while 
of the new peaks were increasing. And peaks around 2.5ppm finally disappeared. The 
phenomenon implied the environment around certain hydrogen was changing which 
might due to the binding process. As described in biological part, the binding 
affinities were within the moderate Range. The chemical exchange showed an 
intermediate or slower type. 
 
 
 
 
 
 
 
 
 
 
 C-4 
Appendix C1  
Quantification of binding kinetics between DNA and DnaA proteins by Image Quant 5.2  
 
R4 5'ACAGAGTTATCCACAGTAGAT3' 
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R4-a8 5'ACAGAGTTATCCAAAGTAGAT3' 
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R4-g9 5'ACAGAGTTATCCACGGTAGAT3' 
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R4-I 5'ACAGAGTTATCCCCAGTAGAT3' 
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R 2 5'GAGGGGTTATACACAACTCAA3' 
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R2-R4-5 5'GAGGGGTTATCCACAACTCAA3' 
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datA17h 5'ACAGAGTTATCCACAGC3' 
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